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Abstract 


Project  goals  in  this  seven  year  period  focused  on  localized  corrosion  and  hydrogen 
embrittlement.  The  former  was  a  major  emphasis  in  the  early  years  with  a  primary  focus  on  grain 
boundary  and  crevice  corrosion.  This  was  summarized  in  two  ONR  technical  reports:  "Effect  of 
Grain  Boundary  Structure  on  Seasitization  and  Corrosion  of  Stainless  Steel",  June  19SS,  and  "On 
the  Roles  of  Corrosion  Products  in  Local  Cell  Processes",  January  1986.  Research  on  the  latter 
has  occurred  in  the  more  recent  period  and  has  produced  an  improved  understanding  of  the  entry  of 
hydrogen  into  metals  and  thereby  an  improved  capability  of  preventing  the  numerous  and 
frequently  catastrophic  hydrogen  assisted  cracking  of  structural  members  in  service.  Specifically, 
results  have  been  obtained  on  hydrogen  adsorption  from  the  gas  phase  using  the  new,  very 
powerful  scanning  tunneling  microscope  (STM).  These  results,  which  characterize  the  adsorption 
process  at  a  truly  atomic  scale  for  tne  first  time,  provide  the  added  significance  of  highlighting  the 
impressive  capability  of  STM  for  studying  the  H-material  interaction.  They  are  described  in  ONR 
TP  February  1990  and  J.  Vacuum  Sci.  &  Techno!.,  A8(l)  (Jan/Feb  1990).  Another  important 
advance  is  the  development  of  a  more  complete  theoretical  basis  for  hydrogen  entry  into  a  metal 
during  cathodic  charging  from  aqueous  solution  (J.  Electrochem.  Soc.,  136. 2463, 1989).  The 
model  enables  many  previously  unavailable  parameters  to  be  determined  from  steady  state 
hydrogen  permeation  data  obtained  in  the  usual  way  using  a  Devanathan-Stachurski  permeation 
cell.  These  include  the  absorption,  kab.  and  desorption,  k<fes  rate  constants  which  directly 
determine  the  amount  of  hydrogen  ent  --ring  the  metal.  As  a  result,  application  of  the  model  can 
provide  new  diagnostic  criteria  for  determining  the  role  of  var.'nis  system  parameters  in  modifying 
the  rate  of  hydrogen  entry.  Using  the  model  in  this  manner,  the  mechanism  by  which  acidic  H^S 
solutions  promote  hydrogen  entry  into  iron  has  been  clarified  based  on  the  significant  effect  that  the 
HjS  was  found  to  have  on  the  transfer  coefficient,  a,  and  the  recombination  rate  constant,  k3, 
(Corrosion,  460, 1990).  The  model  and  its  applications  are  briefly  described  in  a  review  paper 
(Ann.  Rev.  Mater.  Sci.,  299, 1990)  contained  in  this  Final  Report 
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INTRODUCTION 

Our  purpose  here  is  to  review  recent  advances  in  understanding  the  kinetics 
of  the  e\er  elusive  and  omnipresent  hydrogen  entry  into  metallic  systems 
by  multiple  ways  that  cause  numerous  and  frequently  catastrophic 
degradation  problems.  The  problem  of  hydrogen-induced  damage  and 
failures  is  interdisciplinary  and  varied.  For  example,  in  the  cathodic  pro¬ 
tection  of  metals,  in  hydrogenation  cells  where  metal  electrocatalysts  such 
as  Ni  are  used,  in  hydrogen  energy  producing  plants,  and  in  environments 
where  hydrogen  sulfide  gas  is  present  as  in  petroleum  refining  ( I ).  hydrogen 
absorption  into  metals  causing  degradation  of  their  mechanical  properties 
is  the  main  concern.  In  closed  systems,  however,  such  as  nuclear  reactor 
cooling  pipes,  acid  container  systems,  fuel  cells,  and  so  on.  the  production 
of  H;  gas  and  bubble  formation  is  of  great  concern  not  only  because  of 
impedances  and  heat  generation,  but  also  because  of  the  explosive  prop¬ 
erties  of  hydrogen.  Very  high  pressures  of  H ;  gas  produced  by  acid  cor¬ 
rosion  reactions  can  deform  or  crack  any  material  employed  as  a  container. 


1  C  urrent  address:  J  &  I)  Scientific.  Inc,,  1X15  West  First  Avenue.  Suite  102.  Mesa.  Arizona 
X5202 
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Thus  the  issue  of  hydrogen  reactions  on  metallic  materials  is  real,  and  also 
quite  complex,  dealing  with  the  adsorption,  absorption,  and/or  evolution 
of  hydrogen  in  metal-hydrogen  systems.  An  attempt  to  cover  all  of  the 
different  aspects  of  the  hydrogen  problem  with  vast  references  is  beyond 
the  scope  of  this  paper.  Instead,  we  will  be  concentrating  mostly  on  the 
mechanistic  aspects  of  hydrogen  entry  into  unstressed  metallic  systems. 

It  is  now  understood  that  hydrogen  exists  as  atomic  hydrogen  in  the 
dissolved  state  in  metallic  components  and  is  similar  to  interstitial  solute 
atoms  such  as  carbon,  as  far  as  diffusional  and  solubility  characteristics 
are  concerned  (2).  Since  hydrogen  atoms  are  the  smallest  of  all  atoms,  they 
can  be  separated  into  elemental  particles  of  protons  and  electrons  by  a 
simple  ionization  process.  The  hydrogen  atom  can  lose  its  electron  to  the 
electronic  bands  of  a  metallic  material,  especially  the  transition  metals 
such  as  palladium,  as  evidenced  by  the  observed  linear  decrease  of  magnetic 
susceptibility  with  increasing  hydrogen  content  (2). 

Significant  work  has  been  done  on  hydrogen  entry  into  metals  exposed 
to  gaseous  hydrogen.  In  gaseous  hydrogen  charging,  the  major  reactions 
occurring  on  metallic  surfaces  are  the  dissociation  of  H:  molecules,  the 
adsorption  of  these  hydrogen  atoms  on  the  metallic  surface,  and  their 
absorption  and  diffusion  into  the  bulk  metallic  phase  (2-4).  The  rate 
controlling  step  among  these  reactions  depends  on  the  charging  pressure, 
hydrogen  diffusivity  in  the  metallic  phase,  and  other  factors  (5).  For 
example,  at  high  H:  pressures  in  the  presence  of  H:S.  adsorption  is  rate 
controlling  (4).  it  is  possible  to  have  a  partial  dissociation  of  molecular 
hydrogen  in  the  gas  phase,  and  this  presence  of  atomic  hydrogen  in  the 
gas  phase  can  affect  the  kinetics  of  hydrogen  entry  (6).  The  purity  of  the 
hydrogen  gas  is  an  important  factor  for  hydrogen  entry  and  embrittlement; 
for  instance,  small  additions  of  oxygen  reduce  hydrogen  embrittlement 
(HF.)  susceptibility,  at  least  at  low  pressures  (7.  8).  On  the  other  hand, 
some  hydrogen  containing  compounds  such  as  gaseous  hydrogen  sulfide 
(9)  and  water  (10)  increase  HE  susceptibility,  probably  by  enhancing  the 
adsorption-absorption  kinetics  and/or  affecting  the  recombination  kinetics 
(3.  10).  In  gaseous  hydrogen  charging,  the  concentration  of  dissolved 
hydrogen  in  the  metal  obeys  Sievert’s  law,  i.e.  the  dissolved  hydrogen 
concentration  is  directly  proportional  to  die  square  root  of  the  pressure 
of  hydrogen  gas  (2).  Some  of  the  hydrogen  atoms  cover  toe  metallic  surface 
as  adatoms,  and  this  coverage  can  be  determined  by  a  detailed  analysis  of 
the  sorption  kinetics  (3,  4.  1 1,  12).  The  hydrogen  diffusivity  and  solubility 
are  important  parameters  for  gauging  HE  characteristics  of  a  material, 
and  these  can  be  determined  by  using  gas  permeation  cells  (13.  14).  The 
general  conclusion  is  that  a  ferritic  stainless  steel  is  more  susceptible  to 
HE  than  an  austenitic  stainless  steel  because  the  former  has  a  higher 
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hydrogen  diffusivity  and  a  lower  hydrogen  solubility  than  the  latter  (15, 
16).  In  spite  of  these  interesting  aspects  of  gas-phase  charging  and  since 
most  cases  of  hydrogen  entry  and  embrittlement  are  much  more  severe  in 
wet  environments,  the  focus  of  this  review  is  on  hydrogen  charging  of 
metallic  systems  in  aqueous  environments. 

Hydrogen  atoms  can  quickly  enter  into  metallic  systems  frc.n  an  aque¬ 
ous  phase.  In  aqueous  solutions,  the  me  fill-liquid  interface  is  charged 
because  of  the  dipolarity  of  water  molecules  (17-19),  and  the  charged 
interface  of  the  two  phases  forms  a  double  layer  that  essentially  acts  as  a 
capacitor  ( 1 7.  20).  It  is  because  of  this  capacitive  double  layer  that  precise, 
external  electronic  control  or  simulation  of  oxidation/reduction  reactions 
on  the  metallic  phase  is  possible.  In  short,  the  solvated  hydrogen  ions, 
H,0* ,  in  the  aqueous  phase  can  be  discharged  onto  a  metallic  phase  when 
it  is  immersed  in  the  aqueous  phase,  by  applying  a  cathodic  voltage  with 
an  auxiliary  (counter)  electrode  using  a  galvanostatic  or  potcntiostatic 
circuit.  This  is  a  typical  situation  in  cathodically  protected  metallic  systems. 
Thus  the  two  most  significant  differences  between  aqueous  hydrogen 
charging  and  gaseous  hydrogen  charging  are  that  for  the  former  the  charg¬ 
ing  conditions  can  be  precisely  varied  and  very  high  fugacities  of  the  order 
of  I06  atm  (corresponding  to  pressures  of  !0J  atm)  can  be  achieved  (21. 
22).  The  kinetics  of  the  aqueous  electrochemical  hydrogen  charging  process 
is  very  involved,  however,  as  will  be  evident  from  the  discussion  below. 

The  theoretical  analysis  of  the  kinetics  of  the  hydrogen  processes  occur¬ 
ring  at  and  through  the  aqueous-metallic  interface  is  based  on  the  electro¬ 
chemical  rate  equations.  Pioneering  work  on  the  hydrogen  evolution  reac¬ 
tion  (h.e.r.)  kinetics  has  been  done  by  Tafel  (23),  Volmcr  (24).  Horiuti 
(25).  Fruntkin  (26).  and  others.  Essentially,  the  hydrogen  reduction  process 
involves  the  reduction  of  the  H  .O r  ions  in  the  double  layer  at  the  metallic 
surface,  followed  by  two  parallel  processes  thatarc  the  evolution  of  gaseous 
hydrogen  that  forms  from  the  adsorbed  hydrogen  atoms  on  the  sur¬ 
face  and  the  entry  of  other  adsorbed  hydrogen  atoms  into  the  metallic 
phase  itself  (27  29).  These  three  steps  can  take  place  by  different  com¬ 
binations  of  reaction  paths  (30.  31).  The  first  step  of  H  ,Of  reduction  is 
now  fairly  well  understood  to  take  place  by  a  single  electron  transfer  step 
(Reaction  I) 

H,0  +c  =H,  +  H;0.  I. 

where  x  refers  to  the  slate  of  the  reduced  hydrogen  atom  on  the  metallic 
phase. 

Immediately,  several  critical  questions  can  be  raised:  Where  exactly  is 
Reaction  I  occurring  and  is  there  a  site  specificity?  How  does  this  reaction 
take  place?  What  is  the  state  of  the  reduced  hydrogen?  What  are  the 
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possible  subsequent  reactions?  How  do  these  reactions  affect  the  integrity 
or  degradation  of  the  metallic  electrode?  And  quite  importantly,  will  one 
of  the  steps  control  the  rate  of  the  overall  process  or  will  it  be  under  mixed 
control?  Can  we  determine  the  hydrogen  solubility  in  the  metal  and  its 
diffusivity.  subsurface  concentrations  and  fluxes  of  hydrogen  at  various 
stages,  hydrogen  coverage  on  the  surface  (if  indeed  it  stays  there),  h.e.r. 
mechanism  and  rate  parameters,  and  constants  of  the  reactions?  Is  there 
a  problem  with  the  entry  of  hydrogen  into  the  metallic  phase,  and  if  so, 
what  is  the  problem  and  what  are  the  controlling  parameters?  Can  we 
quantitatively  evaluate  these  parameters?  Why  are  some  metals  and  alloys 
more  susceptible  to  hydrogen  embrittlement  (HE)  than  others?  Finally,  can 
one  control  or  prevent  such  problems  by  alloy  design,  thermomechanical 
processing  and  or  modification  of  fluid  chemistry?  And  is  there  an  inter¬ 
disciplinary  approach  to  the  problem  and  solution? 

These  and  related  questions  have  engaged  many  elcctrochcmists.  cor¬ 
rosion  scientists,  analytical  chemists,  and  metallurgists  for  the  past  several 
decades.  Substantial  and  significant  progress  has  been  achieved  by  model¬ 
ing  the  hydrogen  reduction  process  on  the  basis  of  the  electrochemical  rate 
theory,  as  well  us  by  applying  fracture  mechanics  concepts.  Still,  a  general 
mechanistic  theory  encompassing  quantitative  factors  and  evaluation  of 
critical  parameters  and  constants  has  not  ytt  been  achieved.  This  is  not  to 
say  that  excellent  models  and  theories  don't  exist.  Indeed,  there  arc  elegant 
models,  determinations,  and  calculations  describing  the  transient  behavior 
during  hydrogen  charging  with  and  without  trapping  (5.  32  40).  which 
help  in  determining  the  solubility,  ditlusivity,  nonsaturable  saturable  trap 
parameters  (5).  and  how  deformation  creates  high  binding  energy  traps 
for  hydrogen  (41).  Recently  a  successful  model  of  the  steady-state  h.e.r. 
and  permeation  kinetics  has  been  developed  (42.  43)  that  has  the  quan- 
titalive  capacity  for  evaluating  the  various  rate  constants,  including  the 
absorption  rate  constant,  the  adsorption  rate  constant,  and  the  hydrogen 
coverage  on  the  metallic  surface.  It  also  enables  the  determination  of  the 
operating  h.e.r.  mechanism.  This  model  greatly  increases  the  quantitative 
information  that  can  be  obtaincJ  from  permeation  data  in  comparison  to 
that  obtained  from  the  same  data  using  earlier  models  (28  30). 

Let  us  look  more  closely  at  the  a  hove -raised  questions,  particularly  the 
mechanics  of  the  hydrogen  evolution  and  entry  processes  and  how  electro¬ 
chemical  rate  theory  has  been  quantitatively  applied  for  determining  the 
process  mechanisms.  It  is  fairly  well  agreed  that  Reaction  I  describing 
proton  discharge  occurs  at  the  metal  surface  in  the  case  of  good  electro- 
catalysts  (17,  44).  This  reaction  involves  discharging  hydrated  protons  in 
the  double  layer  (17)  and  quantum-mechanical  tunneling  (of  electrons) 
across  the  potential  wells  in  the  double  layer  structure  (17,  45.  46).  This 
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process,  although  a  critical  one.  has  not  been  well  characterized  since  the 
quantum-mechanical  parameters  such  as  the  discrete  eneigy  levels  are  not 
directly  determinable.  Application  of  the  newly  developing  technique  of 
scanning  tunneling  microscopy  may  prove  to  be  an  invaluable  tool  to 
analyze  these  aspects. 

STATUS  OF  THE  REDUCED  PROTON  AND 
SELVEDGE  REACTION 

The  question  as  to  the  state  of  the  reduced  hydrogen  was  widely  debated 
a  few  decades  ago.  It  is  now  considered  that  hydrogen  attains  an  adsorbed 
state  on  the  metallic  surface,  immediately  following  the  discharge  step  (IX. 
47).  But  controversy  exists  as  to  whether  two  different  forms  of  adsorbed 
hydrogen,  such  as  hydrogen  atoms  on  or  interstitially  in  the  surface,  arc 
involved,  as  has  been  discussed  by  various  workers  (IX.  48  50).  Hydrogen 
adsorption  can  cause  rearrangement  of  surface  metal  atoms,  such  as  on  a 
nickel  surface,  as  has  been  shown  by  low  energy  electron  diffraction 
(FEED)  studies  (51).  Surface  adsorption  of  hydrogen  may  also  lower 
the  fracture  stress  and  cause  HE  (52).  Exactly  how  hydrogen  attains  an 
adsorbed  state  is  even  less  clear.  Much  of  the  work  in  this  area  strongly 
suggests  tin  intermediate  step  in  w  hich  the  discharged  hydrogen  dissolves 
just  under  the  metallic  surface  and  equilibrates  with  hydrogen  covering 
the  surface  itself  (47.  51.  53).  This  is  termed  the  absorption-adsorption 
reaction,  which  is  assumed  to  be  in  equilibrium.  Although  not  proven,  a 
few  c\pcrimeiu.il  i e-suits  (51.  53  57)  are  consistent  with  the  existence  of 
the  absorption-adsorption  reaction,  and  it  — n  be  that  the  equilibrium 
condition  holds  in  thicker  or  low  hydrogen  uilfusivity  metals  alloys.  The 
latter  causes  the  permeation  process  itself  to  be  the  slow  step  in  the  overall 
process,  in  which  case  the  absorption-adsorption  reaction  will  be  in  local 
equilibrium.  But  for  very  thin  membranes  or  for  high  values  of  hydrogen 
dilfusivity.  the  overall  permeation  process  becomes  interface  controlled 
(43.  5X).  Additionally,  there  may  be  eases  where  the  intermediate  reaction 
occurs  by  a  more  complicated  selvedge  reaction  (42.  43). 

Tiie  selvedge  reaction  is  proposed  to  he  the  immediate  step  following 
the  hydrogen  discharge  step.  Its  operation  would  produce  a  hydrogen 
concentration  profile  that  is  different  from  that  in  the  rest  of  the  sample 
(43).  Hie  selvedge  has  been  defined  as  an  intermediate  reaction  layer,  more 
than  an  atomic  layer  thick,  having  continuity  with  the  bulk  material.  The 
selvedge  could  be  preexisting  or  be  induced  by  the  proton  discharge  process 
particularly  at  high  hydrogen  overvoltages.  Hydrogen  transport  in  the 
selvedge  may  occur  by  a  diffusion  process  in  the  usual  way  (in  the  case  of 
a  preexisting  selvedge)  or  by  a  dilfusionless.  penetration  process  that  is  the 
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culmination  of  the  proton  discharge  step.  An  example  of  a  preexisting 
selvedge  is  a  metal  with  significant  surface  segregation  of  minor  elements 
or  impurities  that  shows  a  higher  or  lower  hydrogen  diffusivity  in  the 
segregated  region  (selvedge)  and  a  hvdrogcn  concentration  profile  of 
smaller  or  larger  slope,  respectively,  than  the  slope  in  the  rest  of  the  sample 
(43).  If  there  are  cases  where  the  selvedge  reaction  occurs  by  a  dilTusionlcss 
penetration  process,  the  maximum  in  hydrogen  concentration  would  not 
be  at  the  cathode  surface,  but  at  some  distance  beneath  the  surface  where 
the  penetrating  protons  or  hydrogen  atoms  come  to  rest,  similar  to  the 
situation  in  ion  implanted  materials  (43).  Experimental  verification  of  a 
selvedge  reaction  of  either  type  has  not  yet  been  carried  out.  To  test  the 
concept  of  the  selvedge  reaction,  at  least  one  of  the  available  techniques 
such  as  neutron  scattering  (59-61).  nuclear  magnetic  resonance  (62). 
and  or  the  tritium  tracer  method  (63.  64)  may  be  useful  for  tracking  the 
motion  of  the  reduced  proton. 

Detection  of  a  selvedge  reaction  may  prove  to  be  important  in  explaining 
some  of  the  less  understood  physical  processes  occurring  during  initial 
contact  of  hydrogen  with  the  metal.  For  instance,  intense  interaction  of 
hydrogen  w  ith  the  metal  may  lead  to  the  generation  of  dislocations  that 
in  turn,  can  cause  damage  such  as  cracking  at  or  near  the  metallic  surface. 
In  this  respect,  the  selvedge  concept  is  consistent  with  the  observation  of 
dislocation  generation  in  Ti-30  Mo  plates  during  cathodic  charging  of 
hydrogen  without  any  applied  stress  (65).  The  observation  of  lattice  expan¬ 
sion  or  contraction  in  Ti-30  Mo  plates  sputtered  with  iron,  tantalum,  or 
titanium  (66)  will  also  be  consistent  with  the  selvedge  reaction,  since  the 
lattice  expansion  or  contraction  is  produced  by  fine-scale  plastic  defor¬ 
mation  caused  by  hydrogen  charging  (without  any  applied  stress).  In 
addition,  the  selvedge  concept  will  also  be  consistent  with  the  experimental 
observation  of  cracking  during  hydrogen  charging  (under  no  applied 
stress)  ( 1 7.  67.  68).  Previously  such  cracking  was  thought  to  be  caused  by 
extremely  high  hydrogen  fugacities  at  these  locations  (67.  68).  But  the 
attainment  of  such  fugacities  in  a  very  short  time  in  a  subsurface  region 
could  be  facilitated  by  a  dilTusionlcss  selvedge  reaction,  which  is  fast 
compared  with  the  diffusion  of  hydrogen,  and  results  in  the  highest  con¬ 
centration  of  hydrogen  being  located  at  the  sdvedgc-bulk  metal  interface 
rather  than  at  the  metal  surface.  These  explanations  of  the  selvedge  reac¬ 
tion  are.  however,  only  tentative  at  present. 

HYDROGEN  EVOLUTION  REACTION 

It  is  easy  to  observe  the  hydrogen  evolution  reaction  (h.e.r)  since  hydrogen 
gas  bubbles  are  visible  through  most  aqueous  solutions.  The  h.e.r.  can 
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occur  by  more  than  one  route.  Proton  reduction  is  the  first  step,  and  it  is 
followed  by  either  chemical  recombination  involving  the  combination 
of  two  adsorbed  H;  atoms,  or  electrochemical  recombination  involving 
discharge  of  a  proton  directly  onto  an  adsorbed  H:  atom  (17.  39,  47).  In 
general,  the  h.e.r.  will  occur  by  both  of  these  well-recognized  routes.  There 
is  no  evidence  the  h.e.r.  would  dcleteriously  or  beneficiail)  affect  the 
metallic  surface,  but  it  is  known  to  have  indirect  effects.  For  :xample,  an 
enhanced  h.e.r.  is  known  to  enhance  open-circuit  corrosion  especially  in 
galvanic  couples  (69).  In  crevice  and  pitting  corrosion  and  even  in  the 
intergranular  corrosion  of  sensitized  stainless  steels,  hydrogen  gas  bubbles 
have  been  known  to  play  a  role  in  causing  IP  drops  and  active  corrosion 
(70  78).  In  many  instances,  the  observation  of  hydrogen  gas  bubbles 
emanating  out  of  pits  (73  76)  or  crevices  (73.  76.  77.  Kelly  et  al.  in 
preparation),  in  particular  when  no  hydrogen  is  evolved  at  the  external 
surface  (where  the  electrode  potential  is  more  noble  than  the  h.e.r.  poten¬ 
tial),  provides  ample  proof  of  the  existence  of  both  large  !R  drops  within 
the  cavity  and  the  activity  of  these  localized  cells.  In  fact,  even  the  break¬ 
down  of  passivity  of  metals  and  alloys  may  involve  the  generation  of 
hydrogen  gasat  the  film-metal  interface  (79).  Incontrast  to  these  situations, 
under  hydrogen  charging  conditions  the  catalysis  of  the  h.e.r.  is  highly 
desirable  because  hydrogen  entry  will  be  diminished.  This  is  clearly  seen 
in  the  permeation  results  on  iron  membranes  in  which  the  charging  surface 
containing  some  Pt.  Pd.  Cu.  or  Ni  showed  a  reduced  hydrogen  ingress 
(80  85).  These  surfaces  were  prepared  by  either  electrodeposition  on  the 
iron  surface  or  ion  implantation  into  the  iron  surface  layer. 

In  short,  one  has  to  be  cautious  in  interpreting  the  observation  of 
hydrogen  gas  evolution  in  view  of  its  different  consequences  for  hydrogen 
entry  and  corrosion  of  a  metallic  material.  On  the  other  hand,  modifying 
the  h.e.r.  characteristics  by  alloying,  implantation,  or  surface  treatment 
may  provide  immunity  to  hydrogen  entry  or  corrosion  for  metallic 
materials. 

HYDROGEN  ABSORPTION  INTO  METALLIC 
MATERIALS 

In  many  situations  the  greatest  concern  regarding  the  application  of  struc¬ 
tural  materials  is  the  hydrogen  absorption  (or  entry)  reaction  because 
hydrogen  damages  the  load  bearing  ability  and/or  the  toughness  of  many 
of  these  materials  (86-98).  In  order  to  gain  a  basic  understanding  of  how 
and  why  hydrogen  degrades  metallic  properties,  one  needs  to  understand 
the  transport  process  and  kinetics  of  hydrogen  entry,  apart  from  the 
mechanics  of  stress  and  strain.  The  transport,  trapping  and  especially  the 
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kinetics  of  hydrogen  entry  from  an  aqueous  solution  under  reducing  con¬ 
ditions  are  discussed  below.  A  treatment  of  the  electrochemical  reactions 
and  their  rates  are  indispensable  for  analyzing  the  hydrogen  entry  process. 
In  order  to  study  the  hydrogen  entry  process  in  isolation,  the  potential 
of  a  metal  electrode  is  polarized  cathodically  by  applying  either  a  con¬ 
stant  voltage  (polcntiostatic)  or  a  constant  current  (gaivanostatic)  with  an 
inert  counter  electrode  such  as  platinum.  Under  these  conditions,  protons 
from  the  aqueous  (electrolytic)  phase  will  be  reduced  (discharged)  on  the 
metal  cathode  upon  which  the  hydrogen  adsorption-absorption  reaction 
proceeds.  Most  of  the  discharged  hydrogen  recombines  and  evolves  as 
hydrogen  gas  and  the  rest  is  absorbed  into  the  metallic  matrix.  The 
absorbed  hydrogen  permeates  into  the  bulk  material.  Both  the  polarization 
of  the  h.e.r.  and  the  hydrogen  permeation  characteristics  of  a  metal  cathode 
are  easily  measured  by  using  an  electrochemical  permeation  procedure. 


Devanathan-Staelunski  Electrochemical  Celt 

To  measure  experimentally  the  flux  of  hydrogen  permeating  a  metallic 
material,  there  is  an  elegant  electrochemical  dev  ice  called  the  Devanathan- 
Stachuiski  cell,  in  which  protons  are  reduced  at  one  surface  of  a  foil  or 
membrane  specimen,  and  the  fraction  of  the  discharged  hydrogen  entering 
the  metallic  maienal  and  permeating  10  the  other  surface  is  oxidized  back 
to  the  proton.  Details  of  the  set-up  and  circuitry  for  this  procedure  are 
widely  available  in  the  literature  (34.  SO.  W).  The  anodic  side  of  the 
membrane  specimen,  where  the  permeating  hydrogen  is  completely  oxid¬ 
ized.  is  usually  coated  w  ith  I’d  to  prevent  corrosion  of  the  spec1  men.  The 
measured  oxidation  current  provides  a  measure  of  the  hydrogen  (lux 
permeating  the  membrane  thickness. 

Membrane  Desii/n 

The  importance  of  choosing  an  appropriate  membrane  thickness  (/.)  to 
carry  out  this  type  of  experiment  needs  lo  be  emphasized.  The  upper  limit 
for  /.  is  controlled  by  (he  time  toai’ain  a  steady -state  condition.  If  it  takes 
a  very  long  time  (eg.  2  3  days),  then  the  proteins  of  impurity  adsorption 
at  the  cathode,  change  in  concentration  (especially  pH)  of  the  catholyte. 
and  background  corrosion  in  the  anodic  cell  would  he  encountered.  It  is. 
therefore,  adv  ised  that  the  time  to  attain  steady-state  should  be  well  w  ithin 
24  hr.  Once  an  estimate  of  the  hydrogen  ditlusivity  of  the  metal  alloy  in 
question  is  available,  either  from  an  extrapolation  of  the  high  temperature 
dilVtisivity  data,  the  literature,  or  trial  permeation  runs,  one  can  obtain  an 
estimated  thickness.  1.,  —  2S  I>,  t  where  D",  is  the  esiimated  dilfusivitv  of 
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hydrogen  and  t  =  24  hours.  [>j  will  actually  he  an  effective  hydrogen 
diffusivity  rather  than  the  lattice  hydrogen  diHusivity  if  obtained  from  trial 
permeation  runs,  and  it  depends  on  the  hydrogen  trapping  characteristics 
of  the  material.  The  upper  limit  for  l.  also  has  to  he  chosen  after  a  careful 
consideration  for  the  sensitiv  ity  to  thickness  of  the  absorption-adsorption 
reaction  rate  constant,  discussed  subsequently.  In  addition,  one  needs  to 
he  aware  of  the  lower  limit  for  /..  especially  for  obtaining  a  realistic 
value  of  the  hydrogen  dilfusivity  from  the  transient  measurements  of  the 
permeation  flux.  If  extremely  thin  specimens  are  chosen,  then  the  overall 
permeation  process  will  likely  he  surface  (interface)  controlled  (43.  5X)  or 
in  general,  mixed  (interface  and  diffusion) controlled.  But  a  more  serious 
problem  in  using  extremely  thin  membranes  is  that  either  they  will  lie 
impractical  to  prepare  or  use.  or  more  importantly,  grain  boundary  elfects 
will  'become  dominant.  In  such  thin  membranes,  grain  boundaries  will 
not  only  short  circuit  hydrogen  diffusion,  hut  also  localize  the  hydrogen 
adsorption  and  absorption  processes.  This  will  mean  that  the  hydrogen 
diffusivity  values,  evaluated  from  the  transient  permeation  measurement, 
and  the  adsorption  and  absorption  characteristic  parameters,  evaluated 
from  the  steady  state  permeation  measurement,  s  ill  not  be  representative 
of  the  bulk  material.  Therefore,  the  lower  limit  for  /.  should  be  at  least 
live  to  ten  times  the  average  grain  diameter. 

Besides  the  thickness,  the  lateral  dimension  of  the  membrane  is  also  an 
important  consideration.  In  order  to  avoid  edge  effects  causing  significant 
hydrogen  leakage  laterally,  the  /.  r  ratio  should  be  less  than  0.2  (where  /■ 
is  the  radius  of  the  membrane  exposed  to  the  catholytef  for  leakage  to  be 
less  than  s"  „  (Mi.  I  not 

I  he  metallurgical  condition  of  the  membrane  is  also  an  important  con¬ 
sideration  Initial  experiments  are  belter  curried  out  on  well-annealed,  high 
purity  specimens  m  which  traps  for  hydrogen  are  less  of  a  problem,  and  the 
hydrogen  dilfusivity  will  be  closer  to  the  true  lattice  hydrogen  dilfusivity. 
Subsequent  experiments  can  be  carnal  out  on  specimens  having  controlled 
additions  of  impurities  and  or  cold  work  so  that  these  effects  can  be 
carefully  studied. 

Apart  from  the  above  considerations,  the  surface  state  of  the  membrane 
is  also  important,  fhe  surface  should  be  flat.  weH-polishcd  and  free  of 
films  Oxide  or  other  corrosion  product  films  are  easily  formed  on  many 
metallic  surfaces,  however,  and  these  may  affect  the  kinetics  of  hydrogen 
entry  and  hydrogen  transport. 

Electrolyte  Preparation  am i  Purification 

In  order  to  obtain  reproducible  results,  special  attention  must  be  paid  to 
preparing  not  only  the  membrane  but  also  the  electrolytes.  High  purity 
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reagents  and  doubly  distilled  water,  prepared  by  suggested  procedures 
(101).  should  be  used  when  preparing  the  solutions.  For  the  charging 
solution  (catholyte)  there  is  no  pH  range  that  is  completely  free  of 
problems.  In  order  to  avoid  corrosive  attack  of  the  membrane  and  pH 
changes,  slightly  alkaline  buffer  solutions  such  as  borate  buffer  are  recom¬ 
mended  for  the  catholyte;  neutral  and  alkaline  solutions  are  likely  to  cause 
the  formation  of  passive  layers  or  other  reaction  product  layers  on  the 
surface.  A  0. 1  M  NaOH  solution  normally  serves  as  a  good  solution  in 
the  anodic  cell  (anolyte). 

It  is  important  to  keep  the  impurities  in  the  solutions  to  the  lowest 
possible  level,  since  many  of  the  impurities  can  adsorb  on  the  membrane 
surface  and  produce  erroneous  results.  Pre-electrolysis  is  a  must  for  both 
the  catholyte  and  the  anolyte.  The  duration  (/)  of  pre-electrolysis  depends 
op  the  initial  impurity  level  <«,,,).  the  final  (required)  impurity  level  (<:„.. e.g. 
It)  VI).  impurity  diffusivity  in  the  electrolyte  (D,).  electrode  aiea  (.4,.). 
solution  volume  ( I  ,),  and  diffusion  layer  thickness  (ci):  the  relationship  is 
given  by  ( I  7) 

/  =  ( I',  .(,)(■’  /),)log  («.,  <„>.  2. 

The  pre-electrolysis  is  typically  carried  out  for  about  72  hr  using  plati¬ 
num  electrodes  at  a  current  of  2  m.A.  prior  to  the  start  of  a  permeation 
experiment. 

Procedure 

After  the  membrane  is  fitted  into  the  IX*vanathan-Stachurski  set-up.  the 
anolyte  is  first  introduced  into  the  anodic  cell  and  kept  at  a  sufficiently 
oxidizing  potential.  Background  current  is  allowed  to  decay  to  very  low- 
values  (  «  I  /iA)  before  the  catholyte  is  introduced.  The  catholyte  is  intro¬ 
duced  at  the  highest  ca'hodic  current  if  hydrogen  charging  is  done  galvuxvo- 
staltcally .  At  the  highest  cathodic  current,  film  reduction  is  both  maximized 
and  siabili/ed  for  subsequent  charging  at  lower  currents.  Thus  a  further 
film  reduction  process  will  not  occur  at  lower  cathodic  currents. 
In  addition,  hydrogen  trapping  will  also  be  saturated  and  stabilized 
at  the  highest  cathodic  current.  If  hydrogen  charging  is  done  potentio- 
sutically.  permeation  measurements  will  be  done  by  starting  at  the  highest 
hydrogen  overvoltage  and  proceeding  to  lower  overvoltages.  It  should 
be  remembered,  however,  that  the  highest  cathodic  current  or  over¬ 
voltage  should  be  below  the  critical  overvoltage  at  which  irreversible 
damage  such  as  cracks  occur  in  the  material  (67.  68).  At  each  applied 
cathodic  current  (or  overvoltage),  steady-state  hydrogen  overvoltage  (or 
cathodic  current)  and  both  transient  unJ  steady-state  permeation  fluxes 
are  monitored. 
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Transient  Permeation  Measurements 

By  monitoring  the  hydrogen  permeation  flux  (in  terms  of  the  oxidation 
current  in  the  anodic  cell)  as  a  function  of  time,  extensive  knowledge  of 
the  transport  properties  can  be  obtained.  One  needs  to  lie  very  cautious 
about  the  prixvdure  and  interpretation,  however.  An  important  measur¬ 
able  parameter  of  the  transient  permeation  curve  is  the  time  lag.  since 
fiom  this  measurement  the  lattice  dilfusivity  (in  the  absence  of  trapping) 
(5.  ,'M  or  the  effective  dilfusivity  (in  the  presence  of  trapping)  (5.  33.  35. 
39.  40)  is  obtained.  Analogous  to  the  hydrogen  trapping  analysis  using  gas 
permeation  experimental  data  (5).  an  appropriate  electrochemical  method 
to  check  for  the  presence  of  traps  in  the  membrane  and  if  they  are  saturable 
or  nonsaturable,  is  ts>  plot  the  time  lag  vs  the  charging  current  density  (/ ). 
If  the  time  lag  does  not  change  appreciably  with  / .  then  one  can  reasonably 
assume  that  traps  are  absent,  if  the  time  lag  decreases  with  increasing  /.. 
then  saturable  traps  are  present;  however,  if  the  time  lag  increases  with 
increasing  /..  then  nonsaturable  traps  within  the  range  of/,  utilized  are 
present.  ' 

Based  on  l  ick's  laws  of  diffusion  (36.  100).  the  transient  permeation 
behavior  has  ham  analyzed.  In  the  absence  of  trappine.  the  measurable 
time  lag  (/,  I  has  been  related  to  the  lattice  dilfusivity  i />,  I  and  the  mem¬ 
brane  thickness  | /. i  as  (35) 

r,  ■■■■  1 1  6)/.  /). 

In  the  presence  of  significant  trapping,  by  utilizing  an  appropriate  trapping 
model  the  relationship  between  the  lime  lag  (/,  I  and  />,  would  he  <5.  36.  40) 

t,  -  (I  6)(/. '  />_,.)  4. 

where. 

I  *  c , )  4a. 

c i  -  i"C|  ("c,  can  be  obtained  from  the  trapping  model  relating  the  trapped 
hydrogen  concentration  (c, )  ami  the  lattice  hydrogefT concentration  (c, ) 
(5.  40).  This  type  of  relationship  assumes  that  the  traps  are  isolated,  i  e. 
do  not  form  an  extended  network,  and  that  the  transport  between  them  is 
by  lattice  diffusion  (5).  Various  kinds  of  defects  inside  a  metallic  material 
can  act  as  traps  such  as  dislocations,  grain  boundaries,  voids,  interfaces 
of  other  phases,  e  g.  carbides,  with  the  matrix  and  impurities  (41).  The 
effective  hydrogen  dilfusivity  (/>.,,)  will  be  affected  by  the  nature  of  the 
traps  present,  following  are  some  examples. 

1.  With  elastic  or  nonsaturable  hydrogen  trapping  C|  can  be  written  as 
equal  to  Ik-'"  and  then.  l),„  will  be  given  by  (5) 


MO  mK  A  t*l(  KIKIS<> 


/> .,  -  /),(!+  m/lc;  )  5. 

where  /!  is  a  trapping  constant  anti  m  describe*  the  order  of  [rapped 
clusters,  eg  m  -  2  lor  molecular  trapping  in  voids. 

2.  In  the  presence  of  saturable  traps,  such  as  dislocations  and  impurities, 
c,  can  be  written  as  equal  ti>  |(  N,  »Kc,  1 1 1  -Hk  N,  )c,  |  and  then.  /) 
will  be  gi\cn  bv  (4(i| 


/) 


/) 
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where  \.  is  the  trap  densiti.  \,  is  the  number  of  (interstitial)  lattice 
sites  per  unit  volume,  ami  k  is  the  equilibrium  constant  for  the  trapping 
reaction  |  c\pi/  R  ft.  being  the  trap  binding  energv],  I  lie  trap 
bimlmg  energv  is  an  important  p  . .ameter  describing  the  effectiveness 
o!  a  trap,  e'peciallv  Irom  the  view  point  of  III:,  but  verv  accurate 
transient  measurements  are  necessarv  to  obtain  /.,,  ( 5 (.  High  binding 
enei  gv  naps  such  as  prccipit. tic-nun  as  interfaces  tisuallv  cause  III  .  but 
iii'l  when  weaker  traps  such  as  dislocations  are  also  present  t4l»  I  he 
binding  energv  of  hvdiogen  t*>  traps  such  as  dislocations,  however,  is 
highet  than  the  bulk  activation  energv  loi  diffusion  ill  ferritic  tbccl 
aliovs  1 4  1 1  I  his  iii.iv  be  one  of  the  maul  reasons  win  these  alio;.*  are 
mote  susceptible  to  III  than  Ice  allov*  and  metals  latislemtic  stainless 
.ted*.  Ni.  and  s* *  on i  where  the  opposite  is  true  (lull,  apart  from 
diilcrcikCs  in  hvdiogen  dillu-nitv  and  solubilitv.  pointed  i>ul  ear’ier 

(  aiitton  should  be  oh  erved  in  the  evperimeiit.il  measurements  of  Indro- 
gen  pet meation  I  he  maul  icquircnicnt  for  these  measurements  to  be 
meanmgl til  lor  obtaining  lattice  dilhisiv  itv  ol  hvdrogcn  is  to  ascertain  that 
vhllusion.il  condition*,  mdceil.  hold  I  hi*  mav  be  vlone  In  checking 
whether  N  inmelae)  i*  direct  l>  nroportioual  to  /..  If  v  (time  lag)  t*  not 
direct l\  proportional  to  /..  then  the  permeation  process  is  not  under  soldi 
vlilfusiou.il  control,  bn*  rather  under  either  mixed  (interface  *  ditfusion  I  or 
interlace  eontiol  \nothei  good  test  for  the  dilfusional  condition  can  be 
vlone  under  sle.ulv-siaie  conditions,  which  will  be  described  below. 

flic  tunc  lag  measurements  can  be-  performed  on  either  the  rise  or  the 
decav  transient  (ltd)  I  lie  break-through  lime.  r,..  representing  the  time 
taken  for  the  lirst  hvdrogcn  atom*  from  the  charging  side  to  am*  e  at 
the  anodic  side  i'  also  related  (under  condition*  of  constant  subsurface 
concentration)  t<>  I) ,  .  a*  ((>  '(»  n  )l.  /),„  (104.  R)<(.  Of  course,  the 
transient  behavior  i*  complicated  when  reversible  or  irreversible  trap*  arc 
present  in  the  metallic  membrane,  which  often  i*  the  case  under  Ml: 
condition*  i(>7.  |(W>)  Anomalies  observed  in  the  transient  permeation 
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behavior  during  hydrogen  charging  have  been  associated  with  irreversible 
damage  (such  as  void  formation  and  cracking)  to  the  metallic  membranes 
(67.  68).  Irreversible  damage  has  been  seen  to  occur  only  at  hydrogen 
overvoltages  greater  than  a  certain  critical  cathodic  overvoltage  (68).  The 
hypothesis  of  a  selvedge  reaction  (42.  43)  as  well  as  the  high  hydrogen 
lugacities  attainable  at  these  high  overvoltages  would  be  consistent  with 
this  observation. 

Hydrogen  Solubility  and  Trapping  Inside  a  Metallic  Material 

From  thermodynamic  considerations,  it  is  obvious  that  the  hydrogen 
solubility  will  increase  with  increased  hydrogen  lugacities  since  the  dis¬ 
solution  of  hydrogen  in  metallic  systems  most  likely  takes  place  with 
constant  heat  of  solution  (22.  41 1.  Since  constant  heat  of  solution  con¬ 
ditions  may  not  hold  at  very  high  hydrogen  lugacities.  however  (where 
pressure  deviates  substantially  from  fugacity)  swelling  (e  g.  voiding  and 
cracking)  occurs.  Besides  the  dissolution  of  hydrogen  in  the  interstitial 
lattice  positions,  hydrogen  may  he  trapped  at  a  variety  of  solid-solid  or 
solid-gas  interfaces  such  as  grain  boundaries,  precipitate-matrix  interlaces, 
dislocation  tangles,  vacancies  and  voids  within  the  metallic  component  t2. 
41.  lift  The  binding  energy  of  hydrogen  at  these  defects  depends  on 
he  nature  of  'he  trapping  and  of  the  defects  themselves,  f  or  example, 
precipitate-matrix  interfaces  have  higher  binding  enthalpies  for  hydrogen 
ill  in  gram  boundaries  or  dislocation  cores  (41 ).  It  isdillicull  to  characterize 
the  traps  responsible  for  accumulating  hydrogen  solely  from  measurements 
of  binding  enthalpies  because  a  mixture  of  traps  of  varying  binding 
enthalpies  are  usually  involved.  In  many  cases,  surface  entry  kinetics 
complicate  the  analysis  of  trapping  1 108|.  \  •vertheless.  a  partial  under¬ 
standing  ol  trapping  may  be  obtained  by  special  electrochemical 
techniques 

Hie  transient  permeation  measurements  using  the  Dev.mathan- 
Stachurski  technique  can  be  analyzed  for  trapping  characteristics  |6’.  |()‘)|. 
Recently  other  experimental  techniques,  such  as  the  potentiostatic  double 
pulse  method  1 1  In  1 12).  have  been  utilized  to  evaluate  the  rate  constant 
for  hydrogen  trapping  at  irreversible  traps  (III.  112)  Ibis  method  is 
applicable  for  thicker  membranes,  and  the  procedure  is  to  charge  hydrogen 
into  a  metal  at  a  constant  cathodic  potential  for  a  short  time  (typically  0.5 
to  40  sec),  then  immediately  step  the  potential  to  a  more  positive  value 
(ly  pie.  illy  5  to  10  mV  negative  to  the  open-circuit  potential).  In  the  cathodic 
transient,  hydrogen  enters  the  metal  (in  addition  to  evolving  as  hydrogen 
gas),  hut  because  of  the  short  duration  of  charging,  irreversible  traps  will 
remain  unsaturated  (112).  During  the  anodic  transient,  hydrogen  atoms 
reoxidize  on  the  cathodic  surface,  and  it  has  been  assumed  that  hydrogen 
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is  completely  released  from  the  reversible  traps,  while  hydrogen  remains, 
in  the  irreversible  traps.  Know  ing  the  flux  of  hydrogen  ingress  during  the 
cathodic  transient  and  the  flux  of  the  anodic  transient,  and  using  a  model 
of  the  trap  kinetics  (lit).  Ill),  the  irreversible  trapping  rale  constant 
is  determined  (112).  The  major  assumptions  in  this  model  are  that  the 
irreversible  traps  are  unsaturated  during  transient  androgen  trapping,  and 
the  reversible  traps  release  all  the  trapped  hydrogen  during  the  anodic 
transient  f  urthermore,  this  model  implicitly  assumes  that  significant  cor¬ 
rosion  does  not  occur  during  the  anodic  transient  since  it  is  difficult  to 
isolate  the  charge  resulting  from  the  oxidation  of  the  hydrogen  from  the 
measured  anodic  charge  that  possibly  includes  a  contribution  of  corrosion. 
The  implicit  assumption  that  the  presence  of  a  film  on  the  surface  does 
not  ailed  the  cathodic  and  anodic  transients  is  open  to  question  since  (</) 
if  film  reduction  occurs,  its  kinetics  will  alfect  the  interpretation  of  any 
transient  measurements,  and  (/>)  if  the  film  is  not  reduced,  the  film-hydro¬ 
gen.  rather  than  the  metal-hydrogen  properties,  will  be  involved  with  all  its 
accompanying  problems  of  field-assisted  proton  migration  and  hydrogen 
trapping  in  the  lilm.  Also,  this  technique  seemingly  requires  that  hydrogen 
bubbles  do  not  cling  to  the  cathode. 

In  short,  interpretation  of  the  measured  transient  permeation  curves 
becomes  very  dillicult  because  ol  hydrogen  trapping,  lilm  reduction  pro¬ 
cesses.  and  impurity  adsorption  on ’the  cathode.  Of  particular  concern  is 
ihc  reduction  of  preformed  passive  lilnis,  corrosion  product  films,  or 
adsorbed  species  on  the  cathode.  I  he  lilm  reduction  process  depends  on 
the  hydrogen  overvoltage  and  therefore,  at  the  highest  overvoltage  most, 
if  not  all.  of  the  lilm  on  the  metallic  surface  may  be  reduced.  The  film 
reduction  kinetics  greatly  hampers  the  reproducibility  of  the  transient 
permeation  measurements  and  may  also  alfect  the  attainment  of  steady- 
state.  Since  the  actual  transient  curve  will  include  information  about  the 
lilm  reduction  kinetics,  hydrogen  transport  and  trapping  parameters  can¬ 
not  be  correctly  evaluated.  A  method  to  reduce  the  lilm  effects  is  to  initially 
apply  a  high  cathodic  overvoltage  and  to  proceed  to  lower  overvoltages 
as  discussed  in  the  Procedure  section.  One  might  also  consider  plating  the 
input  surface  with  palladium  to  avoid  the  surface  impediments,  but  this 
precludes  obtaining  information  on  the  hydrogen  entry  anil  evolution 
processes  for  the  metal  of  interest.  The  values  of  hydrogen  transport  and 
more  so  of  trapping  parameters  in  the  hydrogen  permeation  literature 
are  often  nonrcproducthk?  and  perhaps  unrealistic  because  of  the  above- 
mentioned  surface  effects  (40.  ION.  112  1 14).  liven  if  the  films  arc  com¬ 
pletely  reduced  or  the  lilm  reduction  kinetics  arc  stabilized,  the  trapping 
kinetics  may  still  not  be  easily  interpreted  from  transient  measurements 
since  independent  determinations  of  trap  binding  enthalpies  and  density 


ELECTROCHEMICAL  HYDROGEN  ENTRY  IN  METALS  313 


of  traps  are  not  possible.  Hydrogen  permeation  measurements  should, 
therefore,  be  performed  on  high  purity,  well-annealed  specimens,  with 
polished,  unfilmed  surfaces.  In  this  way  the  transport  parameters  can  be 
evaluated  from  transient  permeation  measurements.  The  determined  lat¬ 
tice  hydrogen  diffusivity  then  can  be  compared  with  values  obtained  by 
other  nonequilibrium  techniques,  such  as  radiotracer  (64),  mechanical 
relaxation  (115),  resistivity  relaxation  (116).  magnetic  disaccommodation 
(117),  and  equilibrium  methods,  such  as  nuclear  magnetic  resonance  (118), 
Mossbauer  effect  (119),  and  quasi-elastic  neutron  scattering  (120).  On  the 
other  hand,  the  trapping  parameters  are  very  difficult  to  be  quantified 
( 1 14).  although  a  good  knowledge  can  be  gained  by  carrying  out  transient 
permeation  measurements  on  metals  with  controlled  additions  of  impuri¬ 
ties  or  cold  work. 

The  complications  in  transient  permeation  experiments,  such  as  film 
reduction  processes,  will  not  arise  or  will  be  insignificant  during  steady- 
state  hydrogen  permeation.  This  is  because  the  steady-state  will  be  attained 
only  after  stabilization  of  all  reactions  with  the  hydrogen  discharge,  evol¬ 
ution.  and  entry  being  the  only  prevailing  reactions.  Thus  the  kinetics  of 
the  hydrogen  discharge,  evolution,  and  entry  reactions  are  best  analyzed 
under  steady-state  conditions. 

Kinetics  of  the  Hydroyen  Discharge .  Evolution ,  and  Entry 
Processes 

We  have  seen  how  hydrogen  enters  a  metallic  phase,  although  completely 
rigorous  physical  and  quantitative  knowledge  is  not  yet  available.  Now 
we  have  to  understand  how  each  of  the  steps  contributes  to  the  overall 
h.e.r.  and  permeation  process,  how  these  steps  interact  with  one  another, 
and  which  of  the  steps  will  control  the  overall  process.  These  deter¬ 
minations  are  best  done  under  steady-stale  conditions,  in  which  case  the 
kinetics  of  the  overall  h.e.r.  and  permeation  process  can  be  characterized 
for  a  wide  range  of  alloy -environment  conditions.  In  order  to  analyze  the 
kinetics,  it  is  indispensable  to  have  a  mode!  relating  the  rates  of  the 
individual  reactions  to  the  driving  forces  and  quantifying  interrelationships 
among  various  reactions  by  incorporating  boundary  conditions  and  llux 
and  mass  balance  equations. 

Many  models  (28  30)  were  developed  to  understand  the  relationship 
between  the  h.e.r.  tlux  and  hydrogen  permeation  flux  for  various  h.e.r. 
mechanisms,  but  the  partitioning  of  the  discharged  hydrogen  into  molec¬ 
ular  (evolving)  hydrogen  and  absorbing  (entering)  hydrogen  was  not 
adequately  treated  in  these  earlier  models.  Hydrogen  permeation  was 
assumed  to  be  negligible  in  order  to  simplify  the  flux  balance  and  rate 
equations.  Consequently,  these  models  lacked  adequate  detailed  equations 
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for  evaluating  the  various  rate  constants,  surface  coverages,  and  other 
kinetic  parameters  relating  to  hydrogen  discharge,  evolution,  and  per¬ 
meation.  Only  the  most  probable  h.e.r.  mechanism  could  be  partly  under¬ 
stood.  Various  reaction  schemes  were  advanced,  with  the  permeation 
process  being  diffusion-controlled  and  the  discharge-evolution  process 
being  coupled  or  one  of  these  steps  (discharge  or  evolution)  rate  limiting 
(30).  These  deductions  were  based  on  determinations  of  (</)  the  change  in 
cathode  potential.  for  every  decade  change  in  cathodic  current  density. 
/..  i.e.  d  /.  d  log  4  (Tafel  slope);  (A)  the  change  in  £’v  lor  every  decade  change 
in  steady -state  permeation  current  density.  /',.  i.e.  d£.  dlog/,;  and  (<■) 
the  relationship  between  /,  and  /.  f  or  example,  a  coupled  discharge- 
recombination  mechanism  of  the  h.e.r.  would  be  deduced  from  a  Tafel 
slope  of  120  mV  decade  !.  dA.  dlog/,  of  -  240  mV  decade  '.and/, 
proportional  to  N  /.  (30).  A  complete  quantitative  understanding  of  the 
kinetics  was  not  possible,  however,  because  of  the  lack  of  thorough  deri¬ 
vations  of  the  rate  equations. 

The  earlier  models  have  even  less  value  in  those  cases  of  significant 
absorption  of  hydrogen  into  metallic  materials,  such  as  in  poisoned  electro¬ 
lytes  ( 2l> ).  since  the  assumption  m  these  models  that  hydrogen  permeation 
is  negligible  is  invalidated.  \  more  rigorous  model  referred  to  as  the  I-!'-/, 
model  lias  been  developed  recently  (42.  43 1,  which  considers  the  ellcct  of 
hydrogen  entry  into  a  metallic  material  on  the  kinetics  of  the  h.e.r.  Let  us 
first  consider  the  steps  involved  in  the  hydrogen  evolution  and  entry 
processes. 

Steps  in  the  Electrolytic  Hulropeit  Cliarpiiu/  Process 

The  overall  electrolytic  hydrogen  charging  reaction  consists  of  hydrogen 
discharge  f  Reaction  I ).  followed  by  the  two  parallel  reactions  of  hydrogen 
gas  evolution  and  hydrogen  permeation. 

H  H„i.  -  H  .  6. 


or 


M.j.  +  M-.O  +e  =H+M.O  6a. 

and 

H  =  H  7. 

As  show  n,  hydrogen  evolution  can  occur  either  by  the  combination  of 
the  adsorbed  hydrogen  atoms  (Reaction  6)  or  by  the  electrochemical 
desorption  of  the  adsorbed  hydrogen  atom  with  a  proton  from  the  solution 
(Reaction  6a).  For  subsequent  discussion,  only  Reaction  6  referred  to  as 
chemical  recombination,  will  be  considered  for  hydrogen  evolution.  The 
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adsorbed  hydrogen  in  some  cases  is  in  equilibrium  with  the  absorbed 
hydrogen.  If  the  rates  of  chemical  recombination  for  H>  evolution  and 
lattice  transport  (/),,  L)  for  hydrogen  permeation  are  considered,  the  lattice 
transport  rate  is  typically  orders  of  magnitude  slower  than  the  surface 
transport  rate  of  Had,  atoms  to  form  H  _-  molecules  at  room  temperature. 
Thus,  of  these  two  parallel  reactions,  the  permeation  process  w  ill  be  much 
slower  and  the  recombination  reaction  w  ill  be  the  dominant  one.  especially 
at  low  coverages  and  low  hydrogen  overvoltages.  The  overall  rate  of  the 
h.e.r.  typically  will  be  determined  by  the  discharge  reaction  and  or  the 
recombination  reaction.  At  low  hydrogen  overvoltages,  the  discharge  reac¬ 
tion  (potential  dependent)  will  be  relatively  slow  compared  to  the  recom¬ 
bination  reaction,  and  therefore  the  discharge  reaction  will  control  the  rate 
of  the  overall  process.  There  are  some  situations  in  which  the  recom¬ 
bination  reaction  is  relatively  slow.  e.g.  in  poisoned  electrolytes,  and  in 
this  case,  the  recombination  reaction  will  control  the  rate  of  the  overall 
h.e.r.  process.  In  general,  the  h.e.r.  will  be  under  mixed  control.  For 
example,  the  coupled  discharge-recombination  mechanism  is  often  preva¬ 
lent  for  iron  in  aqueous  solutions  (2X.  30.  43).  but  other  mechanisms  are 
possible  also  (2X.  43.  57). 

The  hydrogen  discharge  reaction  rate  is  given  by  the  cathodic  current 
density.  The  relationship  between  f  and  the  cathodic  overvoltage.  //.  is 
given  by  the  Butler-Volmer  equation  for  a  well  polari/ed  electrode: 
i\  =  /',( I  -  ()„  )e  Here./',  =  /.,  (1  —<>.)./„  =  the  exchange  current  density : 
<)H  =  the  surface  (hydrogen)  coverage,  which  depends  on  //;  0,  -  the  equi¬ 
librium  surface  (hydrogen)  coverage  (at  >i  =  0);  a  =  F  RT  =  19.4  V  1  at 
25  C:  r  =  the  hydrogen  discharge  transfer  coellicient:  »/  =  £’,  — 

=  the  electrode  potential  during  hydrogen  discharge:  and  £,.q  =  the 
equilibrium  electrode  potential. 

The  hydrogen  recombination  reaction  rate  is  given  by  i,  =  Fkr(()„):. 
Here,  k,  =  the  chemical  recombination  reaction  rate  constant.  The  hydro¬ 
gen  permeation  rate  (at  steady-state)  is  given  by  i,  =  F( /),  /.)<•„  Here. 
L  =  the  membrane  thickness  and  <  ,  =  the  charging  (sub)surface  hydrogen 
concentration.  If  the  hydrogen  absorption-adsorption  reaction  is  assumed 
to  be  in  local  equilibrium.  <•,  =  k"(),,,  where  k"  =  the  absorption-adsorption 
constant  that  is  thickness-dependent. 

THE  I-P-Z  MODEL 

Assumptions  in  this  model  that  combines  hydrogen  evolution  and  hydro¬ 
gen  permeation  are  the  following:  (a)  The  reactions  are  at  steady-state, 
and  the  only  reactions  occurring  on  the  cathode  surface  are  hydrogen 
discharge,  chemical  recombination,  and  hydrogen  absorption,  ih)  The 
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cathode  surface  is  sufficiently  polarized  so  that  no  oxidation  of  hydrogen  or 
any  other  oxidation  reaction  can  occur  at  this  surface,  (t  )  The  absorption- 
adsorption  reaction  is  in  local  equilibrium.  (</)  The  hydrogen  permeation 
process  involves  simple  diffusion  of  hydrogen  atoms  through  the  bulk 
metal,  (c)  The  surface  coverage  of  hydrogen  is  low  enough  to  follow 
Langmuir  conditions,  i.e.  the  free  energy  of  hydrogen  adsorption  is  cover¬ 
age  independent.  This  is  generally  true  for  II „  <  0.2  and  >  0.8. 

One  of  the  major  relationships  of  the  I-P-Z  model  (42.  43)  is  between 
the  steady-state  permeation  llux  (/, )  and  the  hydrogen  recombination  llux 
(/,).  Another  is  the  relation  between  the  charging  llux  (/[.).  overpotential 
(>/ ).  and  permeation  llux  (/  , ).  These  two  equations  are 

i,  =(kb)<Fk,)  "V,  8. 

and 

/  e1”'  -  ~(b/„  k")i ,  +/',.  0. 

liquation  8  states  that  / .  is  proportional  to  v  i,  and  applies  for  ;/  >  RT  F 
and  for  a  relatively  fast  recombination  reaction  (i.e.  the  recombination 
step  is  not  solely  rate  controlling):  i,  is  obtained  by  subtracting  the  value 
of/,  from  /,  (using  Assumption  a).  Previous  models  (28.  30)  have  stated 
that  i,  is  proportional  to  N  /,  for  a  coupled  discharge-rccombinat’on 
process,  liquation  8  is  an  important  relationship  enabling  one  to  determine 
the  fraction  of  the  hydrogen  discharge  front  the  aqueous  environment  (or 
solution  |  that  goes  oil' as  hydrogen  gas  and  the  fraction  that  actually  enters 
the  metal.  The  constants  in  liquation  8  consist  of  the  rate  constant  for  the 
hydrogen  recombination  reaction,  k,.  the  rate  constant  for  the  hydrogen 
absorption-adsorption  reaction,  k".  the  Faraday  constant..  F=  96485 
C  equivalent,  and  b  =  L  (FDt). 

liquation  9  is  derived  by  considering  some  electrochemical  details  of  the 
polarization  of  the  cathode  (43).  The  l-P-Z  model  is  the  first  of  its  kind  to 
come  up  with  such  a  useful  relationship.  Equation  9  is  needed  because  0,i 
cannot  be  determined  by  a  direct  experimental  method.  0H  can  be  indirectly 
estimated  by  certain  experimental  techniques  such  as  the  galvanostutic 
pulse  techniqueand  FT  I R  spectroscopy.  Thcgalvanostatic  pulse  technique 
(121).  consisting  of  a  cathodic  pulse  followed  by  an  anodic  pulse,  has  been 
utilized  for  iron  in  alkaline  solutions  yielding  ()„  values  in  the  range  of  0.05 
to  0.12  (53)  and  in  acidic  solutions  yielding  ttH  values  in  the  range  of  0.0 1 
to  0.1  (122).  with  overvoltages  in  the  range  of  —0.3  to  —0.4  V  in  both 
cases.  There  is  an  intrinsic  problem  in  using  a  galvanostatic  technique, 
however,  because  constant  current  <>H  may  not  be  constant  as  has  been 
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assumed.  In  fact.  ()H  is  directly  related  to  the  cathodic  overpotential  rather 
than  cathodic  current.  Also,  there  may  be  appreciable  corrosion  occurring 
during  the  anodic  pulse.  The  FTIR  spectroscopy  technique  for  iron  in  an 
alkaline  solution  has  yielded  0H  values  of  0.08  to  0.16  in  the  overvoltage 
range  of  -0.3  to  —0.4  V  (57).  These  values  of  0H  are  higher  than  those 
obtained  with  the  galvanostatic  pulse  technique.  It  should  be  noted  that 
in  the  FTIR  technique,  the  measurements  were  made  at  various  constant 
cathodic  electrode  potentials.  Recognizing  the  difficulties  in  obtaining  ()H 
values  in  situ  during  a  typical  hydrogen  permeation  experiment  (43).  the 
polarized  adsorption  isotherm  relationships.  0„  =  I  —  (/'  e'’")  /'  =  hr,  k". 
and  <'()„  <T,  =  b  k".  were  utilized  to  derive  Equation  9.  For  this,  the 
transfer  coefficient,  z.  has  to  be  determined  by  a  procedure  described 
elsewhere  (43):  accurate  determination  of  a  is  very  important  since  it  is  in 
the  exponential  term.  Construction  of  true  z  plots  at  constant  0U  is  dis¬ 
cussed  in  detail  elsewhere  (123). 

The  various  kinetic  parameters  such  as  k,.  k".  and  can  be  evaluated 
by  plotting/,  vsN  /,  (Equations). /e‘”'  vs/,  (Equation*)). and  performing 
regression  analyses  of  these  equations  (if  these  plots  are  linear).  Sub¬ 
sequently.  ()„(  =  hi ,  k”)  can  be  plotted  as  a  function  of  i/  and  by  extra¬ 
polating  this  plot  to  i/  =  0.  0,  can  be  obtained  and.  thus.  /„[=  1  -(),.)] 

evaluated.  The  /.values  for  various  metal  electrodes  arc  generally  available 
in  the  literature  for  comparison  with  the  /,  values  determined  using  the 
l-P-Z  model.  The  exchange  current  density  is  an  important  electrochemical 
parameter  for  characterizing  the  catalytic  behavior  of  a  metal:  e.g.  /,,  for 
proton  discharge  on  Ft  is  about  10  '  A  cm  :  and  on  Fe  is  about  10  6  A 
cm  :  in  pH  I  solutions  ( 17.  69). 

Determination  of  z.  and  the  various  rate  constants  is  important  for 
understanding  the  electrolytic  hydrogen  discharge  and  permeation  process 
and  for  determining  the  parameters  that  control  the  process.  For  example, 
the  discharge  reaction  rale  constant  k,  [=  /'„(«,,+  c  gives  the  rate 

of  proton  reduction  (<;ir  -  the  hydrogen  ion  activity  and  £j.q  =  the  equi¬ 
librium  potential  for  the  h.e.r.).  It  is  directly  proportional  to  the  proton 
jump  frequency  ai  exponentially  related  to  the  activation  energy  for 
proton  discharge,  while  z  is  related  to  the  symmetry  factor  describing  the 
ease  with  which  a  proton  can  get  to  the  top  of  the  activation  energy  barrier 
( 1 7).  Therefore,  these  two  quantities  relate  to  different  physical  entities,  k, 
describing  the  discharge  kinetics  and  z  describing  the  characteristics  of 
proton  transfer  across  the  double  layer.  The  activation  energy  for  hydrogen 
discharge  is  thus  overcome  by  the  cathodic  potential  (driving  force)  across 
the  double  layer  with  the  ease  of  electron  and  hydrogen  transfer  (dis¬ 
placement)  determined  by  z  and  the  rate  given  by  the  cathodic  current. 
The  chemical  recombination  kinetics  are  characterized  by  kr,  which 
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describes  the  surface  diffusion  of  hydrogen,  mean  displacement  for  hydro¬ 
gen  recombination,  and  site  specificity,  if  any. 

In  order  to  understand  the  h.e.r.  mechanism  and  possible  rate  con¬ 
trolling  step,  the  intrinsic  (coverage-independent)  rates  (i.c.  the  rate  con¬ 
stants)  of  the  discharge  [u,i  =  )e  and  of  the  recombination 

(n,  =  k,)  reactions  have  to  be  compared.  If  ud  and  n,  are  within  one  order 
of  magnitude  of  each  other,  then  the  discharge  and  recombination  reac¬ 
tions  are  considered  to  be  coupled  (17.  43).  If  the  reactions  arc  coupled, 
any  factor  that  changes  the  rate  of  one  reaction  will  affect  the  rate  of  the 
other  reaction  as  well  as  the  rate  of  the  overall  reaction.  For  example,  if 
the  pH  of  the  electrolyte  or  the  cathodic  potential  is  changed,  it  will  directly 
affect  i’,,.  unci  in  a  coupled  discharge-recombination  process,  it  will  also 
affect  i»,. 

The  hydrogen  absorption-adsorption  rale  constant.  k".  is  an  important 
parameter  characterizing  hydrogen  absorption  and  adsorption.  It  contains 
quantitative  terms  describing  surface  and  subsurface  kinetic  properties  of 
the  metal-hydrogen  interaction.  If  k"  is  increased,  hydrogen  absorption  is 
enhanced  and  if  k"  is  decreased,  hydrogen  evolution  is  enhanced.  The  k” 

lues  can  be  altered  by  the  presence  of  films  or  adsorbed  species  on  the 
surface,  or  impurities  in  the  metal.  Until  recently  it  was  not  possible  to 
determine  k". 

If  the  absorption-adsorption  reaction  is  in  local  equilibrium,  a  complete 
steady-state  flux  balance  at  the  subsurface  will  yield  (53.  58):  i,  - 
Fklh.ft||  I  k  .m  ..  w  here  klK  is  the  hydrogen  absorption  rate  constant.  k„,, 
is  the  hydrogen  adsorption  rate  constant,  and  (/, )  1  = 
(FDik.s.di, ))/.-+•( I  k,lh.(l,|)  '.  Under  diffusion  controlled  permeation  con¬ 
ditions.  i.e.  i .  is  inversely  proportional  to  L.  the  latter  relation  becomes 
(43.58):/,  =  F(I)|  /Jk  ((„.  w  here  k  =  k  ,b,  k  ,j..  This  steady-state  criterion, 
will  thus  serve  as  an  additional  check  for  the  diffusion  controlled  condition, 
apart  from  the  transient  stage  condition  of  the  square  root  of  time  lag 
being  proportional  to  l..  On  the  other  hand,  for  very  thin  membranes  the 
process  will  be  interface  controlled.  In  this  case,  i ,  =  Fk,h,(/„  and  thus  k  lh. 
can  be  evaluated  (58).  The  importance  of  evaluating  k,K  for  quantitatively 
understanding  hydrogen  entry  kinetics  and  embrittlement  in  metallic 
materials  has  been  emphasized  (53.  58).  Preparing  extremely  thin  mem¬ 
branes  or  using  them  in  a  permeation  cell  is  impractical,  however.  In  overly 
thin  membranes,  grain  boundaries  may  not  only  localize  the  absorption- 
adsorption  reaction  but  also  short  circuit  hydrogen  transport  through  the 
membrane  and.  therefore,  bulk  properties  are  not  adequately  evaluated. 
To  overcome  this  problem.  L  has  to  be  at  least  live  to  ten  times  the  average 
grain  diameter  for  a  polycrystallinc  membrane. 

The  l-P-Z  model  provides  an  analytical  means  of  evaluating  both  kah. 
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and  kul„  using  a  range  of  membrane  thicknesses  that  avoid  the  above- 
mentioned  problems.  The  relationship  is  given  by  (43) 

<k')  1  -  <kJlK  kltJ  +  (D,  kjhJ(Z.)  10. 

Thus,  by  determining  k"  as  a  function  of  L.  kjhs  and  k  ,lK  are  easily  found 
[if  the  ( k" )  1  vs  (/.)  '  plot  is  linear].  The  L  values  have  to  be  chosen  within 
a  small  dimensional  window,  typically  ten  to  a  few  tens  of  the  grain 
diameter  since,  if  the  membrane  is  too  thick,  (k”)  1  s  (k.ulv  k.lhJ.  and  thus 
k"  becomes  thickness-independent. 

The  reaction  rate  constants  and  the  related  free  energies  follow  the 
Arrhenius  relationship.  Thus.  klS.  is  proportional  to  e  1 k  11  and  k,(l.  is 
proportional  to  e  '  Rl1.  where  A6'.,h,  and  A6'K|,  are  the  activation  ener¬ 
gies  of  hydrogen  absorption  and  adsorption,  respectively,  and  T  is  the 
temperature  in  K.  If  the  plots  of  log  (k  lh.)  vs  <  T)  '  and  log  (k  ,dJ  vs  ( T)  1 
are  linear,  then  A (/’,*.  and  A<7„|,  can  be  determined.  What  this  involves, 
simply,  is  carrying  out  hydrogen  permeation  experiments  for  various  mem¬ 
brane  thicknesses  at  different  temperatures  so  that  all  the  useful  quantities 
can  be  determined.  At  present  there  are  no  alternative  ways  of  determining 
k.,s.  and  kld,  and.  therefore,  these  values  are  not  easily  directly  verified. 
The  activ  ation  energies  can  be  determined,  however,  by  using  experimental 
techniques  such  as  pseudocapacitance  (47)  and  B.R.T.  (50.  124.  125).  Such 
determinations  can  also  be  compared  with  those  obtained  in  gas  phase 
hydrogen  charging,  correcting  for  the  fugacities  involved.  These 
approaches  may  oiler  a  unique  means  of  not  only  correlating  aqueous 
charging  data  to  gas  phase  charging  data,  but  also  provide  a  broad  uni¬ 
fication  ot  the  entry  and  embrittlement  by  hydrogen  originating  from  two 
independent  hydrogen  sources.  Making  this  connection  between  gas-phase 
and  aqueous-phase  charging  may  be  possible  because  the  absorption  and 
adsorption  processes  relate  to  specific  material-hydrogen  interaction 
characteristics  independent  of  the  souicc  of  hydrogen. 

Modified  I-P-X  Mode!  for  Poisoned  Electrolytes 

The  basic  l-P ■/  model  assumes  Langmuir  conditions  and.  as  mentioned 
above,  this  will  be  valid  il  0H  is  very  low  .  When  metallic  materials  encounter 
deleterious  environments,  however,  typical  of  many  real  applications  such 
as  those  containing  the  so-called  poisons,  the  hydrogen  permeation  is 
greatly  enhanced  indicating  significant  coverage  of  the  surface  by  hydrogen 
in  which  case  the  Langmuir  condition  may  no  longer  bold.  A  poisoned 
electroly  te  commonly  encountered  by  iron  and  its  alloys  is  hydrogen  sulfide 
in  acidic  and  alkaline  solutions. 


hydrogi-n  sui.hdk  in  acidic  solutions  The  problem  of  enhanced  hydro- 
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gen  entry  caused  by  the  presence  of  poisons  such  as  H:S  in  acidic  solutions 
has  been  analyzed  by  various  investigators  (2X.  12ft  132).  Although  many 
different  mechanisms  (2X.  126  I2X.  1 30 1  were  considered,  a  rigorous  analy¬ 
sis  had  not  been  achieved  because  of  a  lack  of  a  quantitative  model.  The 
mechanisms  proposed  include  dissociation  of  H  S  to  provide  another 
source  of  hydrogen  discharge  as  well  as  adsorption  of  HS  or  S  .  slowing 
(poisoning)  of  hydrogen  recombination,  and  H  .S  functioning  as  a  budge 
for  hydrogen  discharge.  In  acids  with  (pH  <  5)  dissipation  of  H  S  is 
unfavorable.  If  the  poisoning  mechanism  is  operative,  an  increase  in  the 
h.e.r.  overvoltage  would  occur,  whereas  the  overvoltage  decreases  for  H  S 
in  acids  (IT*).  Therefore  the  bridge  mechanism  (12ft)  that  proposes  a 
decrease  in  h.e.r.  overvoltage  accompanying  the  increased  hydrogen  entry 
is  more  likely  to  be  operating.  For  quantitatively  analyzing  the  mechanism 
and  determining  the  various  kinetic  parameters,  the  I-P-Z  model  has  been 
applied  after  modifications  taking  into  account  the  significant  hydrogen 
coverages.  Fqtiaiions  X  and  were  modified  to  include  the  Frumkin- 
Teinkin  correction  for  the  discharge  anil  chemical  recombination  rale 
equations  (47).  Two  important  equations  were  then  obtained  ( IT*) 

log  (^  /,  /  )  -(ylbk  )i  *  log,  [b( I  k, )  k  ).  II. 

log,  (  /  )  ‘/a//  •  log,  1/  ).  1 2. 

w  here 

/  -  /,  e  ‘tl  hf  k  ).  12a. 

Here  f  --  ,  RT.  where  ;  is  the  gradient  of  the  apparent  free  energy  of 
adsorption  with  coverage  and  the  value  of  f  -  4.5  has  been  assumed. 
Nonetheless,  an  accurate  value  of  /  l.as  to  be  obtained  for  each  specific 
metal-solution  system  for  a  more  rigorous  analysis:  techniques  such  as 
the  adsorption  pseudocapacitancc  measurements  <47|  can  be  utilized  for 
evaluating  /  Once  /  is  known.  Fqualions  II  and  12  will  unambiguously 
yield  the  values  of  x.  k".  k,  and  A  detailed  evaluation  procedure  is 
described  elsewhere  (I  .*.*).  Fsscntially.  log  (N  i,  i,  )  v>/,  is  plotted,  and  if 
this  plot  is  linear,  the  slope  and  intercept  will  contain  the  values  of  x.  k" 
and  k(.  Then  in  liquation  12.  k"  can  be  expressed  in  terms  of  x  and 
iteratively  solved  for  x.  If  x  values  converge  to  a  lived  value,  this  value  will 
indicate  that  log<  /,  ,  )  is  linear  with  i/.  But  if  x  does  mil  converge,  it  will 
indicate  that  the  system  is  not  following  these  relationships  and  that  one 
or  more  of  the  assumptions  may  not  be  valid.  Such  cases. can  arise  if  the 
recombination  reaction  becomes  rate  limiting,  or  if  it  involves  electro¬ 
chemical  desorption  (Reaction  6a).  If  x  does  converge,  then  k  ".  kr  and 
arc  easily  evaluated  by  regression  analyses  of  Equations  1 1  and  12.  These 
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quantities  provide  useful  information  about  the  way  in  which  poisons 
promote  hydrogen  entry.  For  example,  it  has  been  found  that  a  large 
hydrogen  entry  into  the  metal  occurs  when  H;S  is  present  in  highly  acidic 
solutions,  but  the  hydrogen  overvoltage  is  reduced.  Analysis  with  the 
modified  l-P-Z  model  showed  that  the  increased  hydrogen  entry  is  largely 
cause1*  by  slowing  of  the  recombination  step  probably  in  conjunction  with 
the  reaction: 

IFS+  *  H.S^.  13. 

This  side  reaction  can  occur  quite  fast  at  the  cathodic  metal  surface  and 
affect  the  discharge  and  recombination  steps  in  various  ways  (1 33). 

1.  H  S  can  work  as  a  bridge  for  hydrogen  discharge  through  H.S  .  as 
originally  proposed  by  Kawashima  et  al  ( 126). 

H.-S  „kki.  +  H-.O'  +  M  -M-  H  +  H  S+HT).  14 

Reaction  14  leads  to  a  decrease  in  the  overvoltage  for  the  discharge 
reaction. 

2.  The  recombination  reaction  can  he  poisoned  by  the  (If  .  .  .  H.S) 
intermediate  forming  on  the  cathode  and  slowing  the  diffusion  of  H 
adatoms  and  or  blocking  the  recombination  sites  (if  the  recombination 
reaction  is  he'.-’vgencous)  tin  the  metallic  surface. 

If  the  chemical  recombination  reaction  is  highly  poisoned,  such  as  by  a 
high  ratio  of  the  ■  «  .icentralions  of  H.S  and  H  ' .  i.e.  (H  S|  |H  '  |.  then  the 
evolution  reaction  can  occur  by  the  alternate  electrochemical  desorption 
route  ( Reaction  6a  b  Thus  electrochemical  desorption  becomes  more  prob¬ 
able  at  higher  PH  for  a  specific  H.S  concentration  in  the  solution.  Such 
an  occurrence  has  been  reported  for  iron  (<W.‘)"»  pure)  in  acetate  solutions 
of  pH  >  3  in  the  presence  of  H  -S  ( 134). 

The  value  of  x  obtained  using  the  l-P-Z  model,  increased  slightly  with 
small  additions  of  H  S.  consistent  with  the  Kawashima  et  al  bridge  mech¬ 
anism.  The  primary  function  of  H  S  acting  as  a  bridge  is  to  facilitate 
transfer  of  protons  across  the  double  layer  and  consequently  decrease 
the  overvoltage  necessary  for  hydrogen  discharge.  But  the  intermediate 
product  ( H  .  H  ;S)  poisons  the  recombination  reaction  as  is  quantitatively 
illustrated  by  the  precipitous  decrease  in  kr  with  small  additions  of  H:S. 
This  is  further  quantified  by  the  increase  in  ?/„  with  increasing  (H_.S|  at  a 
particular  w  hich  shows  the  build  up  of  H  adatoms  resulting  from  the 
slow  down  of  the  recombination  reaction. 

The  model  evaluations  also  showed  that  k"  increased  with  increasing 
[H  .S).  although  not  significantly.  This  small  effect  may  be  a  result  of  a 
change  in  adsorption  energy  with  coverage,  since  any  change  in  adsorption 
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energy  will  also  alter  k,.,..  In  addition.  one  cannot  rule  out  adsorption  of 
MS  caused  by  a  partial  dissociation  of  H-S  into  HS  and  M  even  in 
highly  acidic  solutions  This  is  because  the  pM  at  the  metal-solution  inter¬ 
face  can  be  kinetically  shifted  to  higher  pH  as  a  result  of  the  proton 
reduction  process.  In  order  to  attain  a  complete  picture  of  the  role  of  H  .S 
in  enhancing  hydrogen  entry  into  metallic  materials,  the  adsorbates  have 
to  be  experimentally  analyzed. 

hvokix.in si  i  uni  in  vt  k  \i  ini  summons  The  synergistic  ell'cct  of  pH 
ami  U  S  leads  one  to  deduce  that  electrochemical  desorption  will  he 
siemiicani  in  alkaline  solutions.  In  solutions  with  very  hi  ■>  pH  values. 
H  S  will  dissociate  into  IIS  or  even  into  S  .  The  result  is  that  the 
mechanism  ot  enhancement  of  hydrogen  entry  by  H  -S  will  he  different  in 
alkaline  solutions  Indeed,  this  has  been  found  to  he  the  case  in  pH  10 
solutions  iR  Iyer  et  al.  in  preparation  I  A  more  general  model  is  needed 
lot  considering  both  the  chemical  recombination  and  electrochemical 
desorption  routes  lor  hydrogen  evolution  with  significant  hydrogen  cover¬ 
ages:  the  epilations  take  the  form  of 

log  1 1  /l  Zl.ll/  •  o  'I/I  •  log  (11.51  T  15. 

and 

't  |4k  I  ;  ij\  •  4  1 1  /  i.  it), 

w  heie 

I  v  |i  I  k  i  •  I  k  i  /  lie  |  Ik. 

U  1 41  e  1 1  i  k  i||,  e  •  Ik  .  k  it  | 

\  1  e  i  k  !  i 

'l  k  W  it  i  ,i 

/  I  v  I  W 

Although  I  quations  15  and  lb  -ire  quite  complex,  all  the  unknown 
quantities  such  as  •/.  the  chemical  recombination  ( la  I'd  reaction)  rate 
constant,  k..  the  electrochenuc.il  desorption  (Hcyrovsky  reaction)  rate 
constant,  k..,.  and  /,.  can  be  evaluated  by  iterative  regression  analysis  of 
these  equations  Note  that  the  cathodic  current  density.  •*  <*  sum  of 
the  discharge  current  density.  /..  and  electrochemical  desorption  current 
density./.,.  At  steady -state. /,  =  /,■+■  i.,t  +  /,.  where  i,  is  the  chemical  recom¬ 
bination  current  density .  If  the  \  a  lues  of  i.  k,.  k,,,.  and  converge  to  fixed 
values,  then  log  (U  /)  vs  <a>j4-().5fZ)  and  Y  vs  X  plots  wil:  be  linear. 
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indicating  applicability  of  these  relationships  to  the  particular  metal-solu- 
tion  system. 

By  applying  this  mtKlel  to  the  experimentally  measured  variables  of/,. 
»/.  and  i ,  for  l-'errovac  iron  in  pH  10  solution  with  varying  concentrations 
of  H  -S.  k "  increases  significantly  because  of  II  S.  Other  parameters  such 
as  i.  /,',.  and  the  variable  0,<  are  not  alfected  sigmlicantly  by  H  S.  The 
increase  in  k"  means  that  k  ...  is  decreased  with  respect  to  k and  this  is 
possible  by  the  adsorption  of  MS  or  even  formation  of  a  sulfide  film  by 
reactions  of  S  with  the  surface.  Hydrogen  permeation  measurements 
carried  out  on  py rile  (l  eS)  showed  that  both  hydrogen  solubility  and 
dilfusivity  are  about  an  order  of  magnitude  higher  than  on  le  ( 136).  This 
has  an  implication  on  how  a  sulfide  film  may  promote  entry  of  hydrogen 
into  iron  from  aqueous  solutions.  Hus  aspect  will  be  examined  below  in 
the  section  on  a  composite  1-1*-/  model  It  is  quite  possible  that  H  S 
enhances  hydrogen  permeation  in  iron  ami  its  alloys  by  breaking  down  or 
modifying  passive  films  and  or  suppressing  the  recombination  reaction 
1 1 2'/), 

Pn  Elicit  in  tlw  l f  uln Kp'ii  Process 

The  synergistic  effects  of  pH  and  II  S  concentration.  |H  S|.  have  been 
noted  above  l  et  us  look  more  closely  at  the  ellect  of  pH  by  itself  When 
the  pH  is  lower.  [H  |  increases  and  the  rate  of  hydrogen  discharge  will 
increase  since  /  increases  with  increase-  |H  ‘  |.  Since  hydrogen  discharge 
occurs  at  the  cathode,  the  pH  close  to  the  double  layer  is  expected  to 
increase  especially  in  unbuffered  solutions.  In  solutions  where  the  ionic 
mobility  is  low.  such  as  when  metal  complex  ions  form,  this  effect  may 
become  quite  significant  But  if  the  pH  is  close  to  the  equilibrium  pH  of 
the  hydrolysis  reaction  lor  the  solution,  or  if  the  solution  is  butfered.  the 
pH  will  cease  to  be  a  significant  variable.  In  less  acidic,  neutral,  or  alkaline 
solutions,  the  presence  and  role  of  corrosion  products  on  metallic  surfaces 
will  become  important  for  both  the  her.  and  hydrogen  entry,  fven  at 
fairly  significant  cathodic  overvoltages  the  corrosion-product  films  can  be 
quite  stable  for  many  base  metals.  Although  some  investigations  have  been 
carried  out  on  hydrogen  permeation  through  protective  films  (137  14(1). 
the  process  is  still  poorly  understood.  The  complications  stem  mainly  from 
the  unknown  electronic,  chemical,  and  physical  (particularly  diffusion  and 
ion  migration)  properties  of  the  protective  films.  Significant  hydrogen 
trapping  could  be  prevalent  in  the  protective  film  as  a  result  of  the  expected 
bonding  between  O  (and  or  OH  )  and  protons  (H  ).  It  is  possible, 
however,  that  hydrogen  diffusion  in  the  oxide  is  occurring  by  activated 
hopping  of  protons  from  one  to  another  O  (and  or  ()  )  (140).  Also,  a 
significant  potential  <IR)  difference  is  expected  between  the  metal-lilm  and 
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film-solution  interfaces  owing  to  the  generally  poor  electronic  conducts  ity 
of  the  tilm .  Some  models  of  hydrogen  trapping  have  considered  pure 
diffusion  of  hydrogen  through  the  film  ( 1 37).  yet  some  others  invoke 
transport  of  hydrogen  by  activated  jump  of  the  protons  induced  by  the 
potential  difference  across  the  film  (140).  The  major  problem  in  sorting 
out  the  role  of  protective  films  on  the  hydrogen  process  is  that  it  is  difficult, 
if  not  impossible,  to  attain  a  completely  lilm-frec  surface  and  perform 
hvdroeen  charging  on  a  pure  metallic  surface,  especially  for  metals  and 
allovs  of  interest  such  as  I  e.  Ni  and  Al.  In  chloride  solutions,  it  may  be 
easier  to  oh'am  a  film  free  surface  but  because  of  the  specific  adsorption 
of  (.'I  in  the  inner  llelmolt/  layer  lIHL.)  (141)  of  the  double  layer,  the 
characteristics  of  the  hydrogen  process  will  be  altered  and  another 
unknown  variable  will  be  introduced. 

(’ompo\iie  l-P-/  Model  /or  Filmed  Mcliillie  Surf  dees 

In  ni.iiiv  actual  situations  a  metallic  surface  is  covered  with  corrosion 
pioduci'.  'fell  as  ovule  or  hydroxide  films  that  may  be  protective  or 
passive  and  m  main  cases  act  as  Harriets  lor  hydrogen  entry  I  he  hydrogen 
.Inc barge  and  the  absorption-adsorption  reactions  wilt  «<ccur  in  the  film 
phase  \lso.  hydrogen  will  diffuse'  through  the  film,  enter  the  metal  and 
dilluse  through  the  bulk  ol  the  metal,  therefore,  the  mechanism  and 
kinetics  ol  hydrogen  evolution,  entry,  and  permeation  can  be  greatly 
modified  as  a  lesult  ol  the  film  \  composite  !-l*-/  model  considering  the 
i ole  ol  die  him  m  die  hydiogen  process  recently  has  been  developed  |R. 
her  II  Picketing,  in  preparation).  Ibis  model  has  a  few  assumptions. 
( >ne  main  assumption  is  that  the  hydrogen  absorption-adsorption  reaction 
ii  e  the  equilibrium  intermediate  react  urn )  occurs  exclusively  in  the  film 
phase  I  his  is  leasonahle  d  the  absorption-adsorption  reaction  occurs  at 
die  hlm-'oluiion  interlace.  It  flic  selvedge  reaction (i.e.  the  non-equilibrium 
intermediate  reaction!  occurs,  however,  then  it  will  he  necessary  to  criti¬ 
cally  check  this  assumption  1  he  model  also  assumes  that  chemical. reaction 
or  trapping  of  hydrogen  in  the  film  or  die  metal  does  not  occur  during 
steady -state  \noiher  maior  assumption  is  that  hydrogen  diffuses  as  atoms 
through  the  him  and  the  metal  In  other  words,  proton  migration  is  not 
considered  I  here  are  a  lew  reports  in  the  literature  ( I  f‘>.  I4tt)  citing  the 
diffusion-activated  lump  or  the  migration  of  protons  in  the  tilm.  Hut 
presently  n  is  almost  impossible  to  model  this  complex  situation  since  the 
diiluMvity  of  H  and  the  field  across  the  film  are  functions  of  several 
unknown  variables,  c  g.  position,  lime,  ratio  of  OH  to  ()  .  and  their 
eharacieri/aiion.  therefore,  is  a  formidable  task.  By  virtue  of  these  con¬ 
siderations.  the  assumption  of  an  effective  dilfusivity  of  hydrogen  in  the 
film  is  acceptable  in  view  of  current  knowledge  of  hydrogen  transport  in 
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(he  film.  In  the  simpler  special  ease  of  the  model,  it  is  assumed  that  there 
is  a  negligibly  small,  abrupt  change  in  concentration  at  the  tilm-mctal 
interlace,  whereas  if  the  solute  partitioning  parameters  are  largely  different 
in  the  lilm  \s  the  metal,  a  large  gradient  in  hydrogen  concentration  can  he 
expected  across  the  lilm-metal  interface.  If  delects  such  as  dislocations  ar.d 
souls  exist  at  the  metal-lilm  interface,  accumulation  can  occur  at  these 
sites  during  the  transient  stage  of  hydrogen  entry,  hut  the  achievement  of 
a  steady  state  will  indicate  that  no  further  accumulation  is  occuriing.  The 
problem  of  hydrogen  accumulation  at  the  lilm-metal  interface  could  he 
inipoitani  from  the  view  point  of  the  hydrogen  embrittlement  process. 

Notwithstanding  these  many  assumptions,  the  following  model  pros  ides 
a  starting  analytical  procedure  for  investigating  the  role  of  a  lilm  on 
hydrogen  entry  Analysis  of  the  llux  balance  at  the  lilm-metal  interface 
yields  i  R  Iyer.  If  Pickering,  in  preparation  I:  (/,  >  (/',  )„.  and  then,  since 
(/  I .  l'i ,  1/  />  A  />.  1  and  <  / .  ),.  I  Jk  ,(c..  V  ")  k tl. 

ik  i  ik  ,  k. .,  )•(/>  k. „..)(/»/)  '.  17. 

Here.  1/  i  steady-stale  hydrogen  permeation  llux  through  the  lilm: 
i/  i  steady-state  hydrogen  permeation  llux  through  the  metal; 

.  hydrogen  concentration  iust  beneath  the  surface  (subsurface)  of  the 
lilm./.  him  thickness: /),  -  hydrogen  dilfusivity  in  the  lilm;  k  ,.K ,  =  h  dro- 
gea  adsorption  rate  constant  for  the  lilm:  k,„. .  -  hydrogen  absorption  rate 
constant  lor  the  lilm.  and  /  effective  lilm  thickness  -  /.,(/),  />,). 

I  q nation  I "  shows  that  the  lilm  can  allect  not  only  hydrogen  adsorption 
and  absorption,  but  also  hydrogen  transport  depending  on  the  relative 
magnitudes  of  /  and  /..  Since  the  value  of  /  is  not  usually  known,  it  has 
to  be  eliminated  by  twice  differentiating  Iqtiaiion  |7  with  respect  to  /.. 
yielding  (R  Iyer.  II  Pickering,  in  prepartition): 

ik ")  2f,  i/.i  »  ik  ...  k, ,..,).  IS. 

w  here 

i;  i/.i  -  |«‘tk  )  1  <'/. I '  (('  Ik  ')  ‘  ('/.'!  ISa. 

since  /  does  not  depend  on  /..  The  k"  value  can  be  determined  as  a  function 
of  /.  as  described  in  the  basic  l-P-/  model  section. 

If  i he  plot  of  (k  )  :  vs  !',.</.)  is  linear  with  a  slope  of  2,  then  liquation 
I S  is  applicable  for  analy  /ing  hydrogen  permeation  through  filmed  metals, 
and  the  intercept  of  this  plot  w  ill  give  the  value  of  <k„M  k,,,vl)-  By  rearrang¬ 
ing  fquation  17.  one  can  obtain  the  following  relationship: 

Ilk  )  1  < k ,  klh.,)|  '  =  (k.,h,,  />,)/. -flk.h.,  /),)>••  I*/. 

If  the  plot  of  |(k  )  '  -<kIlM  klh,,)|  1  vs  L  is  linear  and  /7,  is  known,  then 
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k  lh, ,  arid  /.  can  be  evaluated  from  the  slope  and  ihe  intercept,  respectively, 
and  then  the  value  of  k„,s,  can  also  be  evaluated.  If  the  film  is  very  thin.  /. 
will  be  very  small  and  cannot  be  resolved  from  the  error  in  the  above 
evaluations.  The  values  of  k,h, ,  and  k,,KI  will  indicate  whether  the  metallic 
surface  is  imed  or  not  if  these  values  are  known  for  the  unlilmed  surface. 
T  his  is  often  not  the  case.  Therefore,  an  alternative  analytical  procedure 
has  been  developed  (R  Iyer.  H.  Pickering,  in  preparation).  This  film 
analysis  is  fairly  simple,  using  the  set  of  values  of  k"  as  a  function  ot  l. 
and  differentials  of  (k  T  '  with  respect  to  I.  The  following  relationship  is 
derived  from  Pquations  I?  and  IS: 

/.|gk(/.)]  -  [I  H/  /->)  .  20. 

w  here 

g,i/i  -  2|fik  i  <7.||.vik)  '  <7.  |.  20a. 

Also,  t  rom  I  qua  I  ion  I  ? 

/.Ik  )  (k  k  ,  1/  t  (/)  k,„.  )!l  t  (/  /.)|  '.  21. 

where  the  subscript  i  represents  I  (for  film)  or  m  (for  metal). 

I  quations  (20)  and  (21 1  can  be  utilized  for  the  film  analysis.  Plots  of 
/.|gk  (/. i|  vs  /..  or  /  and  /. ik  )  vs  /.  are  shown  in  figures  I  and  2.  If 
the  metal  t  unlilmed.  or  if  the  film  does  not  affect  the  kinetics  of  hydrogen 
entry,  then  /  '  o.  k  ....  k  k,„,,  ■  ■  k, and  /.|gk(/.t|  will  be  inde¬ 
pendent  of  /.  (figure  l</i.  If  additionally.  /.( k  )  1  is  proportional  to  /. 
(figure  2*z).  then  hydrogen  entry  is  controlled  by  the  bulk  diffusion  of 
hydrogen  through  the  metallic  membrane.  Hut  if  /.tk")  1  is  independent 
of  /.  (figure  2/o.  then  the  hydrogen  entry  is  controlled  by  the  metal- 
solution  interface.  On  the  other  hand,  if  the  hydrogen  entry  is  under  mixed 
control,  then  /.( k  i  will  He  linear  with  respect  to  with  a  positive 
intercept  ( figure  2i  l. 

The  second  case  ( figure  I/O  will  arise  if  /.[gk  (/. ))  decreases  linearly  with 
respect  to  /.  ‘.  with  an  intercept  of  I.  fins  will  indicate  that  a  film  such 


(A)  Fiini-IrM  tm*  tk*0)  (3)  Filmed  M*t«  (k«U  (Cl  Frs>«*  Mvta  (X-O 

hqure  I  Schematic  of  film  dTcvt  on  /.&  (/.)  vs  /..  /.  'nr  La  'pints. 
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(A)  Bulk  diffusion  control  (B)  Interface  control 


(C)  Mixed  control 


l*V  1 

hi 


tD)  Pilm  diffusion  control  (c)  Pilm- solution  interface  control 


hitiurc  .  Schematic  of"  \anous  cases  of  transport  ami  kinetic  control. 


as  a  passive  film,  is  present  </>()),  but  that  z. «  /.  so  that 
/.(gk  (/.)]  ?.  I  /./.  This  may  be  observed  in  many  real  systems,  since 
usually  (/.,  /.)  I  (typically  /.,  5  nni  and  /.  -  0.1  mm)  and  </),  / ),)  «  I 
(typically  less  than  10  ).  In  order  to  know  whether  this  film  is  affecting 

hydrogen  entry  kinetics  or  not.  one  also  looks  at  the  plot  of  Hk")  1  vs  /.  to 
determine  whether  the  hydrogen  entry  is  metallic  bulk  diffusion  controlled 
(f  igure  2u).  interface  controlled  (l  igure  2/>).  or  under  mixed  control 
(figure  2c).  In  (he  ease  ol  interface  control,  if  it  is  lilm-solution  interface 
control,  (hen  k..,.,  =  k„,.,.  k,Kl  =  k,„.,.  If  this  is  found,  one  can  deduce 
that  the  film,  possibly  passive,  is  greatly  influencing  absorption  and  per¬ 
meation  of  hydrogen.  Any  agent  that  modifies  or  breaks  the  film  will 
change  the  hydrogen  entry  characteristics  and  can  directly  affect  hydrogen 
embrittlement  susceptibility.  This  is  illustrated  in  the  ease  of  H:S  depas- 
sivating  the  iron  surface,  poisoning  the  h.e.r..  and  thus  enhancing  hydrogen 
entry  into  iron  (129).  Another  illustration  is  where  mechanical  strain 
ruptures  a  passive  film,  which  causes  increasing  hydrogen  absorption  that 
resuits  in  hydrogen  assisted  failure  in  a  4340  steel  under  cathodic  polar¬ 
ization  in  aqueous  sodium  chloride  solution  (143).  Thus  the  film  can 
influence  the  hydrogen  entry  and  evolution  processes  and  a  quantitative 
understanding  can  be  gained  by  the  film  analysis  using  the  l-P-Z  model. 

In  a  few  special  cases,  it  may  happen  that  /.  -  0.  although  a  film  is 
present.  This  can  occur  if  (/),;7),)  >  I  such  as  in  the  ease  of  a  sulfide  film 
on  iron  (136).  In  this  situation,  the  lilm  does  not  limit  hydrogen  transport. 
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But  it  may  change  kja,  and  or  klbs  and  also  the  subsurface  hydrogen 
concentration.  i\.  since  hydrogen  solubility  is  higher  for  the  iron  sulfide 
compared  to  that  of  iron  ( 1 36)  and  can  enhance  hydrogen  permeation  into 
iron. 

A  third  example  of  the  composite  l-P-Z  model  arises  when  /.  and  L 
values  are  comparable  (Figure  l< ).  This  may  be  the  ease  if  the  film  is  too 
thick,  such  as  a  thick  oxide  covering  a  metal,  or  if  the  membrane  is  too 
thin.  Here,  at  L[ gk  (Z.)]  =  0.5.  /.  =  /.(  Figure  It  ),  the  film  ••'ill  solely  control 
the  h.e.r..  and  the  hydrogen  permeation  process  will  be  under  mixed 
control.  The  transport  of  hydrogen  may  involve  migration  of  protons,  in 
addition  to  dilfusion  of  hydrogen  atoms,  since  the  potential  drop  in  the 
film  will  be  substantial.  But  due  to  a  lack  of  knowledge  of  the  potential 
field  distribution  in  the  film  and  migration  properties  of  protons  in  the 
film,  a  simple  dilfusion  process  of  hydrogen  has  only  been  considered  in. 
this  model.  To  determine  whether  the  film  is  acting  as  a  barrier  or  instead, 
allecting  the  hydrogen  adsorption-absorption  process,  film  thickness  /., 
can  be  varied  indirectly  by  varying  the  starting  highest  cathodic  over- 
potential.  »/h„  at  which  a  particular  permeation  experiment  is  carried  out. 
/.,  is  expected  to  decrease  with  increasing  |i),„|.  This  electrochemical  pro¬ 
cedure  will  be  useful  in  distinguishing  between  film  transport  control  of 
the  overall  rate  and  the  absorption-adsorption  reaction  at  the  film  surface 
controlling  the  overall  rate.  Since  /  is  proportional  to  L„  and  since  /.,  is 
an  inverse  function  of  ii/J.  increasing  means  decreasing  /..  From 
liquation  20  it  is  easily  seen  that  as  /.  is  decreased,  /.[g^  ( /.)|  is  increased. 
If  hydrogen  dilfusion  through  the  film  is  rate  controlling.  /-[&.< /-))  will 
increase  monoionically  with  increasing  (Figure  2d).  If  hydrogen  entry 
is  film-solution  interface  controlling.  /.( gk  (/.)j  will  not  change  with  | //,„ • 

( Figure  2c). 

Hydrogen  Embrittlement  of  Metallic  .Materials 

To  this  point,  the  kinetics  of  hydrogen  absorption  and  'he  entry  charac¬ 
teristics  in  metallic  materials  have  been  critically  examined,  and  hydrogen 
solubility  ,  dilftisivity.  and  trapping  characteristics  have  been  brielly  dis¬ 
cussed.  The  absorbed  and  trapped  hydrogen  can  syncrgisiically  interact 
with  an  applied  or  residual  stress  to  cause  embrittlement  failure  in  many 
metallic  systems,  especially  in  those  with  high  yield  and  tensile  strengths 
(144).  Exactly  how  hydrogen  causes  embrittlement  in  many  metal  alloy- 
environment  systems  is  not  understood  in  a  basic  and  quantitative  sense. 
We  have  seen  how  hydrogen  enters  into  a  metallic  material  farm  the 
aqueous  environment  in  a  fairly  basic  quantitative  manner  This  is  possible 
because  hydrogen  fluxes  and  potentials  are  measurable  by  a  simple  electro¬ 
chemical  permeation  technique.  The  measurements  can  be  quantitatively 
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interpreted  with  the  recertly  developed  I-P-Z  model,  and  pertinent  kinet¬ 
ic  parameters  can  be  evaluated.  The  interaction  of  hydrogen  (absorbed 
in  the  lattice  or  more  significantly  trapped  at  defects)  with  stress  fields 
in  the  material  is  immensely  complex  to  analyze  by  a  physical  and  math¬ 
ematical  model.  Current  understanding  of  the  hydrogen  embrittlement 
mechanism  is  essentially  phenomenological  for  specific  metal/alloy- 
environment  systems.  Because  of  this,  a  unified  mechanistic  theory  has  not 
emerged:  instead  a  string  of  phenomenological  mechanisms  have  been 
proposed. 

In  a  broad  sense,  two  classes  of  metallic  materials  susceptible  to  HE  can 
be  identified:  hydride  formers  such  as  Al.  Ti.  Zr.  and  Nb.  and  non-hydride 
formers  such  as  He.  Ni.  and  Cu.  In  hydride  formers,  the  HE  mechanism 
is  fairly  well  understood.  In  metallic  systems  such  as  Nb  (145).  Al  (146). 
and  Zr  ( 147).  stress-induced  hydride  formation  results  in  significant  elastic 
and  plastic  accommodation  strains  around  the  precipitated  hydride 
because  of  a  decrease  in  dislocation  mobility  and  slip  systems,  especially 
at  high  stresses,  and  fracture  ensues.  The  hydride  precipitates  thus  act  as 
embrittling  sites  for  cracking  under  stress.  Propagation  of  cracks  usually 
involves  repeated  formation  and  breakage  of  the  brittle  hydride  pre¬ 
cipitates  (93.  I4K).  In  non-hydride  formers,  however,  the  HE  mechanism 
is  not  well  understood.  The  following  phenomenological  mechanisms  have 
been  proposed. 

I’RESsi'RE  mechanism  Hydrogen  atoms  trapped  al  a  void  oral  an  interlace 
between  an  inclusion  and  lattice  can  precipitate  as  molecular  hydrogen 
and  build  up  pressure,  adding  to  the  applied  stress  (107.  144.  149).  This 
mechanism  is  relevant  for  understanding  blistering  and  dimple  rupture, 
especially  in  low  strength  steels  ( 107).  But  the  pressure  mechanism  cannot 
explain  brittle  behavior  in  high  strength  steels  caused  by  hydrogen  charging 
(107,  144).  especially  at  low  pressure  hydrogen  gas  (7). 

SI 'REACH  energy  reihviion  MECHANISM  Here  the  adsorbed  hydrogen 
(rather  than  the  absorbed  hydrogen)  plays  the  role  in  the  cracking  process. 
This  mechanism  is  similar  to  Griffith's  crack  model  (107.  I4S)  in  that  the 
surface  energy  of  the  crack  surfaces  is  lowered  by  adsorbed  hydrogen, 
especially  that  on  clean  metallic  surfaces  (150).  The  lowering  of  fracture 
energy  by  adsorbed  hydrogen  promotes  cracking.  Although  this  mech¬ 
anism  may  be  operating  in  a  few  cases,  it  cannot  explain  the  commonly 
observed  HE  characteristics  such  as  discontinuous  crack  propagation  and 
reversal  of  brittle  delayed  failure  on  stress  removal  (41).  A'so,  this  mech¬ 
anism  cannot  explain  why  other  species  such  as  oxygen,  which  adsorb 
more  strongly  than  hydrogen,  do  not  embrittle  metals  ( 107). 
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decohesion  mechanism  The  reduction  in  fracture  energy  is  thought  to 
occur  not  at  the  surface  but  within  the  bulk  of  the  metal  such  as  at  grain 
boundaries  or  other  interfaces  whose  interatomic  cohesive  force  is  lowered 
by  hydrogen  (151  153).  This  will  account  for  the  specificity  of  hydrogen 
for  embrittlement  since  hydrogen  can  be  easily  transported  deep  into  the 
material  even  at  room  temperature.  Hydrogen  can  break  the  bonds  at  the 
crack  tip  resulting  in  HE.  especially  in  high  strength  steels  (22.  151.  154). 
In  this  mechanism,  hydrogen  accumulates  at  the  root  of  a  notch  or  crack 
front  and  the  crack  propagates  in  a  discontinuous  manner,  which  has  been 
shown  by  resistivity  measurements  (154).  This  mechanism  may  be  the  best 
in  explaining  many  observations  of  HE  cracking  process.  Without  a  better 
understanding  of  the  electronic  interaction  between  protonic  hydrogen  in 
solid  solution  and  the  bonding  forces  of  the  metallic  lattice,  however;  the 
exact  mechanism  by  w  hich  hydrogen  can  reduce  cohesive  strength  will  not 
be  know  n  ( 144). 

disi.ik  aiion  morii.ity  mechanism  This  mechanism  proposes  that  hydro¬ 
gen  may  he  promoting  dislocation  motion  and  cause  either  localized  soften¬ 
ing  behavior  (155)  or  hardening  behavior  (156.  157).  Various  schemes 
have  been  suggested  to  rationalize  this  concept.  For  example,  moving 
dislocations  can  drag  hydrogen  into  microvoids  and  deposit  hydrogen  in 
large  concentrations  when  the  hydrogen  carry  ing  dislocations  are  annihil¬ 
ated  by  microvoids  (156.  I  NS.  159).  But  the  kinetic  supersaturation  of 
hydrogen  caused  by  such  a  process  has  been  shown  to  be  small  and 
insufficient  to  explain  HE  (160).  In  iron  alloys  and  nickel,  softening 
behavior  has  been  observed  under  specific  conditions  of  hydrogen  presence 
(161  163).  The  softening  effect  caused  by  hydrogen  is  thought  to  arise 
from  1 162):  U/)  a  decrease  of  the  Peierls  stress  due  to  the  presence  of  solute 
hydrogen  or  carbon.  (6)  a  decrease  in  the  energy  required  for  double  kink 
nueleation  on  screw  dislocations  due  to  hydrogen,  or  (<•)  a  decrease  in  the 
elfeetiveness  of  other  solute  pinning  species  due  to  the  presence  of  solute 
hydrogen.  Enhancement  of  screw  dislocation  velocity  and  multiplication 
of  dislocations  due  to  hydrogen  have  been  observed  in  nickel  and  iron 
(161.  164).  These  aspects  explain  initial  softening  behavior;  subsequently, 
hardening  can  occur  because  of  dislocation  interactions  (161.  165).  Such 
processes  can  cause  localized  deformation  at  slip  planes  close  to  the  crack 
tip  with  consequent  local  thinning  near  the  crack  (166).  The  result  is  that 
plastic  instability  leading  to  hydrogen  embrittlement  along  the  active  slip 
planes  and  transgranular  crack  propagation  along  the  slip  planes  becomes 
possible  (161,  166).  Although  these  concepts  explain  some  aspects  of  the 
fracture  process,  it  is  not  known  whether  hydrogen  atoms  can  act  as  an 
effective  solute  for  dislocation  interaction  like  massive  elements  such  as  C. 
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Also,  it  is  not  known  whether  dislocations  can  transport  hydrogen  over 
large  distances  within  a  metal  and  exactly  how  hydrogen  supersaturation 
can  occur.  The  involvement  of  defects,  such  as  dislocations,  is  important 
since  strain  rate  is  one  of  the  important  factors  for  H E.  it  has  been  observed 
that  the  time  to  HE  failure  in  a  26Cr-IMo  alloy  decreases  with  increasing 
peak  strain  rate,  in  the  range  of  10  to  10  '  sec  1  (167). 

It  is  clear  front  the  foregoing  discussion  that  no  single  mechanism  can 
account  for  HE.  but  there  are  many  similarities  among  various  mechan¬ 
isms.  Ductile  ruptures  are  expected  from  the  pressure  mechanism  and  also 
possibly  from  the  dislocation  (softening)  mechanism.  All  other  mech¬ 
anisms  predict  brittle  fracture.  The  surface  energy  reduction  mechanism 
and  decohesion  mechanism  are  very  similar  in  that  hydrogen  reduces  the 
metallic  bond  strength,  but  the  locations  of  degradation  are  different.  The 
decohesion  mechanism  is  actually  an  improvement  over  the  surface  energy 
reduction  mechanism  and  accounts  for  the  specific  embrittling  nature  of 
hydrogen  vs  other  adsorbates.  Since  hydrogen  degradation  is  proposed  to 
occur  inside  the  metallic  bulk  in  the  decohesion  mechanism,  the  possible 
rapid  transport  of  hydrogen,  vs  any  other  species  such  as  oxygen,  will 
explain  the  special  case  of  room  temperature  embrittlement  by  hydrogen. 
The  decohesion  mechanism  also  has  a  few  similarities  with  the  hydride 
mechanism  in  that  the  plasticity  process  is  affected  by  the  solid  solution 
hydrogen  in  the  former  and  the  second  phase  hydride  in  the  latter. 

None  of  these  phenomenological  mechanisms  directly  illustrate  the 
important  role  played  by  impurities  and  stress  suite  in  the  HE  process.  It 
is  quite  clear  that  extremely  pure  iron  will  not  be  hydrogen  embrittled  even 
at  high  hydrogen  concentrations,  but  iron  or  its  alloys  will  be  hydrogen 
embrittled  when  impurities  such  as  S.  P.  N.  Si.  and  Sn  arc  present  (22.  144. 
16K  1 72).  HE  of  260- 1  Mo  alloys  has  been  found  to  be  highly  sensitive  to 
the  presence  of  small  concentrations  of  interstitial  elements,  in  particular 
nitrogen  and  carbon  (173).  Nitrogen  segregated  to  grain  boundaries  or 
angular  titanium  carbo-nitrides  near  grain  boundaries  in  this  alloy,  which 
have  high  interstitial  contents,  enhance  hydrogen  absorption  by  trapping 
hydrogen  at  grain  boundaries.  Consequently.  HE  failure  in  the  high  inter¬ 
stitial  260-1  Mo  alloy  proceeds  by  an  intergranular  fracture  pnx.ess  <  1 73). 
In  the  low  interstitial  260-1  Mo  alloy,  containing  the  stabilizer  ( to  prevent 
sensitization  and  intergranular  corrosion),  niobium,  in  small  concen¬ 
tration.  HE  seems  to  be  caused  by  repeated  formation  and  breakage  of 
niobium  hydrides  under  stress  (173).  There  is  also  a  parallelism  in  the  role 
of  impurities  in  HE  with  temper  embrittlement  behavior  (170  172).  The 
exact  role  of  impurities  and  interaction  of  impurities  with  hydrogen  to 
cause  embrittlement  in  metallic  systems  is  not  understood,  however.  Stress 
state  also  plays  a  prominent  role  in  determining  the  extent  of  hydrogen 
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embrittlement  in  nickel,  steels,  zirconium  alloys,  and  titanium  (174-177). 
Ductility  loss  in  Ni  (174),  the  adverse  effect  of  coarser  grains  in  Ti  (177). 
void  link-up  in  Zr  alloy  (176),  and  the  amount  of  intergranular  fracture  in 
4340  steel  (175)  caused  by  hydrogen  are  all  much  more  severe  under 
equibiaxial  tension  than  under  plane  strain,  which,  in  turn,  is  more  severe 
than  under  uniaxial  tension.  Thus  hydrogen  seems  to  augment  the  effect 
of  stress  slate  on  plasticity,  i.e.  the  decrease  in  the  ductility  of  a  metallic 
material  going  from  a  uniaxial  tension  state  to  a  biaxial  tension  state  is 
enhanced  by  hydrogen.  In  this  respect,  the  thickness  of  the  metal  specimen 
plays  an  important  role  since  thin  specimens  will  be  under  the  plane  stress 
condition  and  thicker  specimens  will  be  under  the  more  severe,  plane  strain 
condition.  This  is  an  important  aspect  to  be  considered  in  scaling  the 
parametric  values  obtained  in  laboratory  experiments  on  thin  specimens 
for  understanding  HE  behavior  in  real,  thicker  metallic  systems. 

DEDUCTIONS  AND  SUMMARY 

Nascent  hydrogen  produced  on  a  solid  metallic  material,  by  reduction  of 
protons  from  an  aqueous  phase  can  affect  the  integrity  of  metallic  materials 
in  various  ways,  in  particular  the  embrittlement  fracture  process.  Since  a 
majority  of  structural  and  industrial  metallic  members  encounter  some 
sort  of  an  aqueous  environment,  the  problem  of  hydrogen  embrittlement  is 
a  serious  concern  to  engineers  and  scientists.  The  involvement  of  electrical 
charges  in  the  hydrogen  discharge  and  sometimes  also  in  the  evolution 
processes  means  that  the  electrochemical  nature  of  the  reactions  has  to  be 
carefully  studied.  To  understand  the  hydrogen  absorption  and  adsorption 
characteristics  in  a  quantitative  manner,  from  simple  electropermeation 
measurements,  transient  and  steady-state  permeation  models  arc  available. 
For  a  complete  analysis  of  the  kinetics,  transport,  and  mechanistic  charac¬ 
teristics  of  hydrogen  discharge,  recombination  and  permeation  processes, 
the  following  procedure  is  prescribed. 

Set  up  a  Devanathan-Stuchurski  electropermeation  apparatus.  Prepare 
specimens  of  the  metal  alloy  to  be  tested  in  the  form  of  a  thin  membrane. 
High  purity  specimens  have  to  be  used  for  understanding  the  transport 
behavior,  while  avoiding  complications  caused  by  trapping.  Specimen 
thickness  can  range  from  5  to  10  times  the  grain  diameter  to  about  twice 
the  square  root  of  the  product  of  the  hydrogen  diffusivity.  and  a  time  of 
24  hr,  for  performing  a  complete  analysis  including  the  film  analysis.  The 
specimen  area  exposed  to  the  catholyte  and  anolyte  should  be  more  than 
80  times  the  square  of  the  specimen  thickness  in  order  to  reduce  transverse 
leakage  of  hydrogen  to  less  than  5%.  The  catholyte  and  anolyte  have  to 
be  prepared  carefully  from  high  purity  reagents,  and  they  have  to  be 
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preeleetrolyzed  in  bubbling  nitrogen  to  remove  impurities  and  to  reduce 
dissolved  oxygen  to  very  low  levels.  After  coating  the  anodic  side  with 
palladium,  the  anolyte  can  be  introduced  into  the  cell  and  a  sufficient 
anodic  potential  applied.  The  background  current  density  should  be 
allowed  to  decay  to  its  quasi-stationary  value,  typically  much  lower 
than  I  //A  cm:  for  iron  and  stainless  steel.  Then,  introduce  the  catholyle. 
simultaneously  applying  a  high  cathodic  potential  for  the  h.e.r.  or  cathodic 
current.  The  high  cathodic  potential  (or  current)  should  be  below  the 
critical  cathodic  potential  (or  current)  at  which  irreversible  damage  can 
occur.  Measure  the  cathodic  electrode  potential,  cathodic  current,  and 
anodic  (permeation  +  background)  current  continuously.  Analyze  the 
transient  permeation  curve  to  obtain  approximate  values  of  the  transport 
and  trapping  parameters.  Verify  the  value  of  the  transport  parameter  by 
independent  methods. 

Monitor  the  steady  slate  cathodic  current,  cathodic  electrode  potential, 
and  permeation  current.  Conduct  these  tests  for  membranes  of  various 
thicknesses.  Perform  a  lilm  analysis  (using  the  composite  I-P-Z  model)  to 
gauge  the  presence  and  role  of  surface  films,  if  any.  Also,  obtain  the  values 
of  the  various  kinetic  parameters,  surface  coverages,  ot.  and  so  on.  using 
appropriate  l-P-Z  models.  These  analyses  will  help  to  pinpoint  the  mech¬ 
anism.  Carry  out  the  set  of  permeation  experiments  at  different  tem¬ 
peratures  near  room  temperature,  taking  adequate  precautions  for  the 
shift  in  the  reference  potentials  and  guarding  against  any  other  possible 
reactions.  Obtain  the  activation  energies  of  hydrogen  absorption  and 
adsorption  and  check  their  values  by  independent  techniques.  Deter¬ 
minations  of  transport  parameters,  surface  coverages,  and  activation  ener¬ 
gies  by  other  experimental  techniques  will  provide  a  means  of  inde¬ 
pendently  validating  the  values  obtained  from  the  electropermeation 
technique  and  appropriate  models. 

In  order  to  assess  the  effect  of  impurities  or  alloying  elements  in  the 
material  and  species  such  as  poisons  in  the  catholyle.  controlled  additions 
can  be  made.  Then,  the  hydrogen  permeation  characteristics  and  mech¬ 
anism  and  trapping  characteristics  can  be  assessed  with  careful  measure¬ 
ments  and  appropriate  application  of  the  models.  A  relationship  such  as 
(k"’  1  =  Ik,,,.  klh.)  +-  ( /),  klh,)(/.)  1  can  serve  as  a  scaling  parameter  for 
ti.insferrirg  kinetic  and  related  values  obtained  on  thin  specimens  to 
thicker  metallic  specimens  or  members. 

It  is  much  harder  to  assess  the  effect  of  stress  on  HE.  One  can  use  stressed 
membranes  in  the  electropermeation  set-up  with  appropriate  modifications 
such  as  used  by  Scully  &  Moran  ( 143).  Here,  geometric  effects  have  to  be 
carefully  studied  for  meaningful  interpretation.  Also,  stress/slrain  state 
effects  are  important  since  thin  specimens  will  be  under  the  plane  stress 
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condition,  while  thicker  specimens  will  be  under  the  more  severe  plane 
strain  condition.  Therefore,  appropriate  scaling  parameters  have  to  be 
developed  by  emphasizing  the  fracture  mechanics  aspects. 

A  physical  model  is  needed  for  understanding  the  hydrogen  embrittle¬ 
ment  mechanism,  incorporating  the  features  of  hydrogen,  stress,  strain, 
strain  rate,  impurities.  anJ  defects.  The  overwhelming  effect  of  impurities 
on  HF  has  to  be  properly  addressed  for  a  more  general  mechanism.  It  is 
not  clear  whether  the  primary  function  of  impurities  is  to  provide  physical 
trapping  sites  for  hydrogen  or  to  locally  modify  the  strain  fields  for  inter¬ 
action  with  hydrogen.  It  is  possible  that  the  locally  modified  strain  fields 
can  enhance  dy  namic  trapping  of  hy  drogen,  or  that  defects,  such  as  vacan¬ 
cies.  interstitials  and  dislocations  that  carry  the  strain  fields,  can  be  pinned 
locally  by  hydrogen.  It  scents  inconceivable,  however,  that  hydrogen  atoms 
can  solely  and  effectively  pin  moving  dislocations  or  vacancies.  On1  the 
other  hand,  it  is  conceivable  that  impurity  tor  interstitial)  atoms  can 
kinetically  arrest  the  motion  of  these  defects,  whereby  many  hydrogen 
atoms  collect  at  these  high  energy  sites.  Accumulation  of  hydrogen  at  these 
kinetically  arrested  defects  can.  in  turn,  suliicicmly  lower  the  chemical 
potential  of  these  defects  to  immobilize  them  at  that  particular  location. 

I  or  example,  if  a  cluster  of  vacancies  is  immobilized  by  the  combined 
action  of  impurities  and  hydrogen,  eventually  molecular  hydrogen  can 
form  within  a  coalescence  of  vacancies,  i.e.  a  void.  Moving  dislocations 
can  repeatedly  annihilate  a  part  of  the  void  causing  a  reduction  in  void 
volume  and  thus  increase  the  internal  pressure  caused  by  the  trapped 
hydrogen  molecules  in  the  void.  Instead  of  a  molecular  hydrogen  forma¬ 
tion.  one  can  env  ision  formation  of  a  metastable  second  phase  of  hydrogen 
with  the  metal  atoms,  facilitated  by  the  combined  action  of  impurities  and 
delects.  The  subsequent  fracture  process  will  be  similar  to  the  brittle 
hydride  cracking  mechanism.  Another  example  is  a  set  of  moving  dis¬ 
locations.  kinetically  arrested  by  impurities  and  immobilized  by  hydrogen. 
This  can  lead  to  a  reduction  of  the  local  plasticity  and  cause  hardening. 
But  if  a  number  of  vacancies  are  in  motion  (because  of  stress  gradients), 
they  can  annihilate  or  unpin  some  of  the  locally  immobilized  dislocations. 
This  can  result  in  an  enhancement  of  the  local  plasticity  and  cause  soften¬ 
ing.  A  cracking  process  can  be  initiated  as  a  result  of  repeated  (localized) 
softening  and  hardening. 

By  carefully  varying  concentration,  dislocation  density,  and  vacancy 
concentration,  the  various  aspects  mentioned  can  be  critically  analyzed 
using  the  hydrogen  permeation  technique  and  models  for  metallic  systems 
in  aqueous  environments.  A  complete  understanding  of  hydrogen 
embrittlement  will  explain  why  it  does  not  occur  in  a  host  of  metallic 
systems  such  as  platinum  and  goiu. 
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